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ABSTRACT 
 
 
 
                                                                                                 
In this study, the feasibility of preparing nano-emulsions under laboratory conditions by 
phase inversion temperature (PIT) method was investigated. Nano-emulsions were prepared 
using 19.2 wt% n-Dodecane (C12H26) or n-Decane (C10H22) oils as the dispersed phases, 4 
wt% Brij 30 (C12E4) as the surfactant and 76.8 wt% ultrapure water or brine as the aqueous 
phase. The brine used in this work was prepared by dissolving different salts in ultrapure 
water. The salts used in this study were sodium chloride (NaCl), potassium chloride (KCl), 
anhydrous and hexahydrate magnesium chloride (MgCl2). PIT points were determined by 
measuring the electrical conductivity of the mixture as a function of temperature. The 
stability of nano-emulsions was determined by measuring the mean size, polydispersity index 
(PDI) and size distribution of droplets using dynamic light scattering (DLS) technique and 
monitoring them as a function of time. Cryo-SEM technique was also used for verifying the 
droplet size measurements obtained from DLS measurements. Nano-emulsions were 
characterized also using refractive index (RI), surface tension, and pH measurements. The 
efficiency of reversibility test on both fresh and aged systems was also investigated.  
 
Experimental results indicate that the effect of salt on PIT value depends on the type and 
concentration of the salt used. Nano-emulsion systems with 1.0 M NaCl solution lead to the 
lowest PIT value among the ones with n-Dodecane as the oil phase. However, nano-emulsion 
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systems with 1.0 M KCl solution lead to the lowest PIT value among the ones with n-Decane 
as the oil-phase. In general, n-Dodecane based nano-emulsions have higher PIT values than 
n-Decane based nano-emulsions. Nano-emulsions with anhydrous MgCl2 solution exhibited 
higher initial conductivity values compared to systems with other salts because this salt is the 
strongest electrolytes used in this study.  
 
DLS results show that ageing and increasing salt concentration lead to increases in the 
average droplet size, PDI, and droplet growth rate for all the systems studied over a period of 
5 days. Both fresh and single reversed nano-emulsion systems with 0.1 M KCl solution are 
found to have the smallest droplet size. These results confirm that reversibility test is efficient 
on both fresh and aged systems in reproducing nano-emulsions.  However, the droplet size 
growth rate in reversed systems is found to be higher than that in fresh systems. Nano-
emulsion systems with 1.0 M MgCl2 solution are found to have the longest stability based on 
visual observation. Both RI and pH values for all nano-emulsions increase with ageing. 
However, the pH value decreases and RI value increases with increasing salt concentration 
for all systems. Surface tension values for the reversed system are found to be lower than 
those for fresh systems. They are, however, found to decrease with increasing salt 
concentration.  
 
Nano-emulsions with no salt are found to be the most stable within the study period used. 
Addition of salt, however, is found to help in the reversibility process. This is evident from 
the smaller droplets and long term stability observed for nano-emulsions prepared with lower 
salt concentrations. 
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1.1 Introduction 
Emulsions are usually made of oil dispersed in a continuous aqueous phase and preserved 
with the help of a surfactant, which has a hydrophilic (water loving) head and lipophilic (oil 
loving) tail. Droplets of oil in water allow the transportation of oil soluble materials (in a 
non-viscous form) and their ultimate release on a chosen target. Cosmetics, paints and foods, 
are often based on these “emulsions” (Leal-Calderon et al., 2007). However these droplets 
are fragile and must be preserved using a surfactant. Factors that should be considered in 
formulating an industrial emulsion are stability, efficiency, easy delivery, price, etc.  
 
The present research is about nano-emulsions which contain very small and uniform 
nanometric-sized droplets. Nano-emulsions can be defined as transparent or translucent 
heterogeneous systems composed of water (or aqueous phase), oil and surfactants that are 
kinetically stable with mean droplet diameters ranging from 0.1 to 1000 nm. The terms 
submicron emulsions (SME), ultra-fine emulsions, miniemulsions, nanoparticles, emulsoids, 
unstable microemulsions and submicrometer-sized emulsions are often referred to and used 
in the literature as synonyms for this type of liquid/liquid dispersions. The potential 
applications of nano-emulsions are numerous. The ultra-small droplet sizes, high kinetic 
stability, low viscosity, and optical transparency of nano-emulsions make them very 
attractive for many industrial applications.  
 
Interest in nano-emulsions developed about two decades ago mainly for nano-particle 
preparation. It is only in recent years that this subject has seen a real explosion in research 
activity partly due to applications of nano-emulsions in pharmaceutical field such as efficient 
drug delivery systems due to their capacity of solubilising non-polar active compounds and 
Chapter 1 ______________________________________________________ Introduction 
 
 
 
 
 
                                       
                                                                                                                                                        Page 2  
the ability of containing other conventional pharmaceutical aids such as stabilisers, 
preservatives, buffering agents, antioxidants, polymers, proteins and charge inducing agents. 
Other applications of nano-emulsions are in cosmetics, foods, agrochemicals, oil refinery, etc 
where their ultra-small droplets and high kinetic stability against creaming and sedimentation 
are used advantageously.  
 
Nano-emulsions can be prepared by a number of high- and low-energy processes. High-
energy emulsification methods such as high-pressure homogeniser are energy intensive but 
they allow greater control of droplet sizes and large choice of compositions. On the other 
hand, low-energy emulsification methods take advantage of the energy stored in the system 
to promote the formation of small droplets. One of the low-energy methods is phase 
inversion temperature or PIT method, which was introduced by Shinoda and Saito in 1969. 
This method makes use of the chemical energy stored in the components and leads to oil-in-
water (O/W) nano-emulsions in the presence of a surfactant. The PIT method works because 
the solubility of polyoxyethylene-type non-ionic surfactant changes with temperature. The 
surfactant is more hydrophilic and the curvature of the surfactant monolayer is more convex 
towards water in O/W emulsions at low temperatures. However, the surfactant becomes more 
lipophilic and the curvature of the surfactant monolayer is more concave towards water at 
high temperatures (Shinoda, 1968). PIT point is a temperature where the curvature of the 
surfactant monolayer is neither concave nor convex towards water and this creates an 
extreme low interfacial tension and promotes the production of very fine emulsions (Shinoda, 
1968). Emulsions at the PIT point are very unstable against coalescence and so a quenching 
process is required to produce very stable, fine and monodispersed O/W emulsions (Shinoda 
& Saito, 1969). In comparison to the conventional mixing and shaking of the components 
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that requires high-energy input to produce only sub micrometer-range droplets, the PIT 
method produces smaller and narrower sized droplets (Figures 1.1 (a) and (b)).  
 
(a)      (b)  
 
Figure 1.1: (a) Emulsions produced by the conventional method,  
(b) Nano-emulsions produced by the PIT method (Solans et al., 2008) 
 
Nano-emulsions are stable against creaming and sedimentation, due to their ultra-small 
droplet sizes but they are not stable against Ostwald ripening (Taylor & Ottewill, 1994 and 
Solans et al., 2005), which occurs due to the difference in solubility between droplets with 
different sizes when smaller droplets shrink while bigger droplets grow at the expense of 
smaller droplets. In all the applications of nano-emulsions, their stability plays crucial role 
and therefore maintaining the stability of nano-emulsions has become an important focus in 
many investigations.  
 
Salt is one of the additives used in emulsions prepared in industries such as cosmetics and 
food. The addition of salt can have different effects on the stability of nano-emulsions 
depending on the type and concentration of salt used. Salt can also help to reproduce ageing 
nano-emulsions produced by PIT method by simple heating followed by cooling to original 
storage temperature. However, the addition of salt has been reported to have varying 
influence on droplet size or the stability. It has been also shown in many studies that phase 
inversion can be produced by tailoring the salt concentration. In 1988, Wasan et al. have 
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shown that O/W micro-emulsions can be produced at low salt concentrations and, Binks et al. 
(2000) have shown that W/O micro-emulsions can be produced at high salt concentrations. 
Alternatively, Srinivasan et al. (2000) showed that average droplet sizes in nano-emulsions 
produced by high-pressure homogeniser are not affected by the addition of salt. The addition 
of salt has also been found to increase the stability of emulsions against creaming and 
flocculation (Srinivasan et al., 2000), decrease the Ostwald ripening rate in an ionic 
surfactant emulsion system (Taylor & Ottewill, 1994) and depress PIT points (Shinoda & 
Takeda, 1970). Emulsions containing an optimum salt concentration were found to have the 
lowest interfacial tension and produce droplets with the smallest particle size (Binks et al., 
2000). Recently Liew et al. (2010) have reported that the effect of salt in the production of 
nano-emulsions has not been completely understood. It can be seen from the above review, 
the role of salt in the production and stability of oil in brine nano-emulsions is still not clear. 
Moreover, previous studies on the effects of salt and its concentration focused on nano-
emulsions produced by high-pressure homogeniser. This study focuses on the effect of salt 
concentration on O/W nano-emulsions produced by PIT method. This study uses both drop 
size and rheological measurements to determine the stability of nano-emulsions. This 
research will improve the knowledge on the influence of salt on the preparation and stability 
of nano-emulsions, and therefore will lead to the determination of optimum concentration of 
salt in emulsions. This research is significant because the role of salt on the formation and 
stability of nano-emulsions is still not clear and therefore worthy of further investigation. 
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1.2 Aim 
The main aims of this research are: 
 To determine the phase inversion temperatures for the formation of oil-in-brine nano-
emulsions at various salt concentrations using conductivity measurements. 
 To prepare the nano-emulsions at PIT points, and study their stability by measuring their 
droplet size, polydispersity and size distribution using dynamic light scattering technique. 
 To confirm the DLS results using Cryo-SEM technique.  
 To vary the type of oils to identify the effects of dispersed phase type on droplet size.  
 To vary the type and concentration of salts in the rage of 0 - 1.0 M to determine the best 
salt and concentration that gives the smallest droplet size.  
 To investigate the reversibility of oil/brine nano-emulsions and study the stability of re-
produced emulsions. 
 
1.3 Scope 
This study focuses on the stability of nano-emulsions produced by phase inversion 
temperature method using n-Decane and n-Dodecane as the dispersed phase and pure 
water/brine as the aqueous phase (continuous phase). A non-ionic surfactant (Brij 30) was 
used in the preparation of the nano-emulsions. Three different types salt namely NaCl, KCl 
and MgCl2 were used at different concentrations. The stability and reversibility of the 
emulsions have been studied by measuring the droplet size, polydispersity and size 
distribution using dynamic light scattering technique. Experiments were conducted by 
varying the type and concentration of salt in the brine solution.  
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Similar studies on nano-emulsions produced by PIT method have been carried out by Ee et 
al., (2008) and Liew et al., (2008). Therefore, in order to compare the characteristics of the 
nano-emulsions produced in this research with those in previous studies, n-Dodecane and n-
Decane oils were used as the dispersed phase. Brij 30, a high HLB surfactant, is the 
surfactant mostly used in several previous studies (Forgiarini et al., 2001; Izquierdo et al., 
2002; Ee et al., 2008 and Liew et al., 2008) that produced O/W nano-emulsions using the PIT 
method. Similarly, NaCl is the electrolyte used in the production of nano-emulsions in 
previous studies (Shinoda and Takeda, 1970; Taylor and Ottewill, 1994; Binks et al., 2006, 
Morais et al., 2006, Ee et al., 2008 and Liew et al., 2008). In this work, KCl is used to 
validate the effect of salt on the stability of nano-emulsions produced by the PIT method 
since it is similar to NaCl. MgCl2 is also used in this work to investigate the effect of a salt 
with two chlorides on the stability of nano-emulsions. 
 CHAPTER 2 
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2.1 What are Emulsions? 
Emulsions are oil and water particles that bind together with the help of a surfactant, which 
has a hydrophilic or water loving head and a lypophilic or oil loving tail. Emulsions are very 
important fluids due to their specific characteristics and applications in many industries. The 
most common emulsions are fine dispersions of very small droplets in a water medium. Most 
people do not know the emulsion‟s importance, in spite of the fact that every moment of our 
life includes a direct or indirect contact with some kind of emulsions. Our morning starts by 
using soaps, creams, tooth paste and other toilette products, which are all emulsions. 
Following that, we eat eggs and drink milk for breakfast which are natural emulsions. Then, 
we walk on the street which has been previously treated with bitumen emulsion. The list of 
the products based on emulsions that we meet during a day could stretch over a number of 
pages. The emulsion world involves many different industries, from the food to the 
pharmaceutical production, from petroleum to plastic industry, and from varnishes to 
detergents and cosmetics. Study on emulsion is a complex multidisciplinary work, which 
involves many subjects and matters. 
 
2.2 Nano-emulsions 
Nano-emulsions have physical properties in between those of macro-emulsions and micro-
emulsions and are made of very small and uniform nanometric-sized droplets. They can be 
defined as transparent or translucent, liquid and isotropic heterogeneous systems. They 
composed of two immiscible liquids such as water and oil. A third agent, which is an 
emulsifier or emulsifying agent, is usually added to increase the emulsion‟s stability and 
produce low interfacial tension. Surfactants are commonly used as emulsifying agents to 
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stabilise emulsions. Anton et al. (2007) defined nano-emulsions as composed of pure 
monomer droplets surrounded by the adsorbed, stabilizing surfactants. They are kinetically 
stable and have long-term physical stability due to their ultra-small droplet sizes (Maestro et 
al., 2008). Surface active agents added to increase the kinetic stability of emulsions reduce 
the interfacial tension between the immiscible liquids, leading to the formation of smaller 
droplets, which are kept easily in suspension by Brownian motion. Droplet diameters in 
nano-emulsions are ranging from about 0.1 to 1000 nm or 1 μm. (Anton et al., 2007; Ee et 
al., 2008; Gutierrez et al., 2008; Izquierdo et al., 2005; Kamat, 2008 ; Liew et al., 2008; Solè 
et al., 2006; Tadros et al., 2004 and Usón et al., 2004). One nanometer equals one thousandth 
of a micrometer or one millionth of a millimeter or a billionth of a meter (1 nm = 
0.000000001 m). Usually, the droplets in nano-emulsions have an average size between 20 
and 200 nm, and show narrow size distributions. As reported by Gutiérrez et al. (2008) and 
Baloch and Hameed (2004), the size range may vary depending on the systems, which are 
normally stabilized by a trial and error method without knowing the inside phenomena or the 
mechanism. The nano-size of the droplets makes them transparent or translucent in most 
cases.  
 
 
 
Figure 2.1: Visual appearance and a Cryo-TEM picture of a nano-emulsion 
(Sonneville-Aubrun et. al., 2004) 
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They may have the appearance of micro-emulsions without requiring as much surfactant 
concentration for their preparation (Forgiarini et al., 2001). Visual appearance and a Cryo-
TEM picture of a nano-emulsion taken by Sonneville-Aubrun et al. (2004) are shown in 
Figure 2.1. The terms submicron emulsions (SME), submicrometer-sized emulsions, ultra-
fine emulsions, fine-disperse emulsions miniemulsions, nanoparticles, emulsoids, unstable 
micro-emulsions and translucent emulsions are often used in the literature as synonyms for 
this type of liquid/liquid dispersions (Anton et al., 2007; Bouchemal et al., 2004; Fernandez 
et al., 2004; Forgiarini et al., 2001; Izquierdo et al., 2002; Liew et al., 2008; Liew et al., 2009 
and Sadurni et al., 2005). The term nano-emulsion is increasingly used because it gives a 
clear idea of the nanoscale size range of the droplets and avoids confusion with other kinds of 
dispersions such as micro-emulsions (Sadurni et al., 2005).  
 
 
 
Figure 2.2: Visual aspect of an O/W nano-emulsion and structural conformation of the droplets 
(Gutierrez et al., 2008) 
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Nano-emulsions may be characterized as water-in-oil (W/O) or oil-in-water (O/W) nano-
emulsions (Palamone, 2002). Gutierrez et al. (2008) presented a photograph of an O/W nano-
emulsion with a schematic of the structure as shown in Figure 2.2. Usón et al. (2004) asserted 
that the majority of publications and applications of nano-emulsions are concerned with those 
of the O/W type. There are only a few recent publications concerning W/O nano-emulsions 
which report their formation by high-energy emulsification methods such as ultrasound.  
 
2.3 Characterization of Nano-emulsions 
The properties of nano-emulsions are of special interest for practical applications (Usón et 
al., 2004). As mentioned earlier, nano-emulsions may be characterized as W/O or O/W nano-
emulsions (Palamone, 2002). This characterization depends on the properties of the oil and 
surfactant used, and on the structure and geometric packing of the polar heads and 
hydrocarbon tails of the surfactant molecules (Palamone, 2002). The droplet size distribution 
of an emulsion governs emulsion physical properties such as long-term stability, texture and 
optical appearance (Fernandez et al., 2004). According to Baloch & Hameed (2005), 
generally an O/W nano-emulsion has a creamy texture and a W/O nano-emulsion feels 
greasy. Quantification of turbidity and viscosity was also used to characterize the emulsions 
(Baloch & Hameed, 2005). 
 
Nano-emulsions are also characterized by increased stability in suspension due to their ultra-
small droplets (Anton et al., 2007 and Tadros et al., 2004). With W/O nano-emulsions, as 
expected, the higher the water concentration the greater the droplet size (Gutiérrez et al., 
2008). The higher the oil-surfactant ratio, the greater the droplet size, and there is an 
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optimum surfactant mixing ratio or an optimum HLB ratio (Gutiérrez et al., 2008). Physical 
characterization of nano-emulsions can be done by dynamic light scattering, which provides 
the hydrodynamic diameter of droplets and also the polydispersity index (PDI) as 
fundamental parameters to judge the quality of the dispersion (Anton et al., 2007). Another 
emulsion characterization can be done using emulsion inversion. Emulsion structure can also 
be investigated using electrical conductivity through temperature scan (Anton et al., 2007). 
The role of such a temperature cycling process on the formulation of nano-emulsions appears 
to be relatively important at lower surfactant concentrations (Anton et al., 2007). Both the 
hydrodynamic diameter and the PDI decrease as a function of the number of temperature 
cycles. Eventually such a cycling process allows the generation of nano-emulsions using a 
larger range of compositions than those obtained with the classical PIT method (Anton et al., 
2007).  
 
2.4 Nano-emulsions, Micro-emulsions, Macro-emulsions and Colloids            
Shaw (1992) defined an emulsion as a dispersed system that is made of immiscible or 
partially miscible liquids. The drops of the dispersed liquid in the normal type of emulsion, 
that sometimes called a macro-emulsion, are usually between 0.1 and 10 m in diameter. 
Generally emulsions defined as metastable colloids, consist of two immiscible liquids such as 
oil and water, one dispersed in the other in the presence of a surface-active agent or an 
emulsifier (Semsarzadeh & Aravand, 2007). International Union of Pure and Applied 
Chemistry (IUPAC) states: “In an emulsion, liquid droplets and/or liquid crystals are 
dispersed in a liquid”. As mentioned by Egger & McGrath (2006), emulsions are dispersions 
of at least two immiscible liquids stabilized by an emulsifier, which is often a surfactant or a 
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polymer or proteins or divided solids, each of which influences the final physico-chemical 
properties of the emulsion. Emulsions do not form spontaneously but rather require an input 
of energy, contrary to the thermodynamically stable micro-emulsion (Egger & McGrath, 
2006). As a consequence, emulsions are only kinetically stabilised and therefore 
destabilisation occurs over time varying from seconds to years (Egger & McGrath, 2006). In 
other words, emulsions are all thermodynamically unstable, meaning that they will eventually 
separate. However, they can remain intact indefinitely. A direct consequence of the 
thermodynamic instability of nano-emulsions is that their formation requires external energy 
(Solè et al., 2006). 
  
 
Figure 2.3: Difference in stability of Macro-emulsions, Micro-emulsions and Mini-emulsions (Majumdar 2009) 
 
Macro-emulsions composed of drops in the micron-size range (50 nm - 500 m) are 
thermodynamically unstable (metastable), and there are various sources of instability leading 
ultimately to phase separation (Binks, 1998). Macro-emulsions may have a degree of kinetic 
stability but ultimately separates (Figure 2.3). Macro-emulsions break when left alone for a 
period of time but can be kinetically stabilised by surfactant, polymers or small particles. 
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Figure 2.4: Picture of a nano-emulsion (left) and a macro-emulsion (right) with droplet diameters of 
35 nm and 1 μm, respectively (Fernandez et al., 2004)  
 
Factors destabilising the macro-emulsions are creaming, flocculation, coalescence, and 
Ostwald ripening. The visual appearance of an emulsion reflects the influence of droplet size 
on light scattering, and varies from milky-white-opaque with large droplets, through blue-
white, then gray-translucent, to transparent with small micro-emulsion droplets. Micro-
emulsions with droplet diameters of 0.01 - 0.1 m are thermodynamically stable isotropic 
solutions containing oil, water and surfactant, and always stabilised by surfactants (Shaw, 
1992) (Figures 2.4 and 2.5).  
 
 
Figure 2.5: Droplet size and appearance of emulsions (Majumdar 2009) 
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They contain either droplets or cylindrical structures or bicontinuous structures (can be O/W, 
W/O or bicontinuous micro-emulsion) (Figure 2.6). The properties of micro-emulsions are 
determined by the properties of the surfactant monolayer separating the oil from the water 
domains. The curvature of the surfactant monolayer determines the type of micro-emulsion 
obtained. Micro-emulsions are stable with respect to separation into their components. 
 
 
Figure 2.6: Schematic representation of the three most commonly encountered micro-emulsion microstructures: 
(a) oil-in-water, (b) bicontinuous and (c) water-in-oil micro-emulsion  
(Majumdar, 2009) 
 
There is a fundamental difference between micro-emulsions and nano-emulsions: micro-
emulsions are equilibrium systems (i.e. thermodynamically stable systems that form 
spontaneously), while nano-emulsions are non-equilibrium systems with a spontaneous 
tendency to separate into the constituent phases and are only kinetically stable against 
sedimentation and creaming even for several years (Bouchemal et al., 2004; Ee et al., 2008; 
Gutierrez et al., 2008; Izquierdo et al., 2005; Tadros, 1983; Tadros et al., 2004 and Usón et 
al., 2004). Their particle sizes tend to grow with time and lead to phase separation (Liew et 
al., 2009). However, nano-emulsions have better long-term physical stability due to their 
ultra-small droplet sizes (Maestro et al., 2008). Compared to micro-emulsions, nano-
emulsions are in a metastable state, and their structure depends on the history of the system 
(Sonneville-Aubrun et al., 2004).  
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Colloids include a very broad class of materials. Their structure consists of a dispersion of 
one phase into another one, in which the dispersed phase possesses a typical length scale 
ranging from a few molecular sizes i.e. few nm up to several microns (μm). In other words, a 
colloidal suspension consists of a fluid that can be gas or liquid, containing large numbers of 
small solid or liquid particles of different composition, which are smaller than a millimetre. 
Colloids can be composed of: 
 Solid or liquid in gas (e.g. airborne particulates and water droplets). 
 Liquid particles in liquid (e.g. oil-water emulsions). 
 Solid in liquid (e.g. milk (fat particles in water), paints (pigment particles in water, oils, 
or organic liquids) and so on). 
Some colloids are thermodynamically stable and generally form spontaneously, while others 
are metastable, requiring energy for preparation and specific properties to persist. 
 
2.5 Advantages of Nano-emulsions 
 Nano-emulsions are innovative colloidal systems gifted with interesting features such 
as ultra-small droplet size, high kinetic stability, low viscosity and visual translucency. 
 Nano-emulsions have high stability against sedimentation or creaming since the 
diffusion rate can be faster than the sedimentation rate. They also can be stable against 
flocculation and coalescence phenomena, which are common with macro-emulsions.  
 Although thermodynamically unstable, nano-emulsions may have a long-term physical 
stability (Solè et al., 2006 and Usón et al., 2004). The long-term physical stability of 
nano-emulsions (with no apparent flocculation or coalescence) makes them unique and 
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they are sometimes referred to as “approaching thermodynamic stability” (Girard et al., 
1997 , Kamat, 2008; Tadros, 1983; Tadros et al., 2004 and Usón et al., 2004). 
 Compared to conventional emulsions, nano-emulsions offer the advantage of 
solubilizing water-insoluble drugs in a formulation of thermodynamically stable 
droplets that form spontaneously (Palamone, 2002). An important advantage of nano-
emulsions comes from the fact that their high stability in suspension which is 
fundamental for many industrial applications (Anton et al., 2007). Nano-emulsions may 
be applied as a substitute for liposomes and vesicles (which are much less stable) and it 
is possible in some cases to build lamellar liquid crystalline phases around the nano-
emulsion droplets (Bouchemal et al., 2004).; 
 Nano-emulsions have a much higher surface area and free energy than macro-emulsions 
that make them an effective transport system (Kamat, 2008). The large surface area of 
the emulsion system, the low surface tension of the whole system, and the low 
interfacial tension of the O/W droplets allow enhancing penetration of active agents 
(Bouchemal et al., 2004). 
 Nano-emulsions are non-toxic, non-irritant, hence can be easily applied to food 
products or skin and mucous membranes (Kamat, 2008). Since nano-emulsions are 
formulated with surfactants, which are approved for human consumption generally 
recognized as safe by the United States Administration, they can be taken by enteric 
route (Kamat, 2008). Nano-emulsions do not damage healthy human and animal cells 
hence are suitable for human and veterinary therapeutic purposes (Kamat, 2008). 
 The fluidity nature of the system at low oil concentrations as well as the absence of any 
thickeners may give them a pleasant aesthetic character and skin feel (Bouchemal et al., 
2004). The small size of the droplets for cutaneous use allows them to deposit 
uniformly on skin. Nano-emulsions are suitable for efficient penetration of active 
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ingredients through the rough skin surface (Sonneville-Aubrun et al., 2004 and 
Bouchemal et al., 2004). 
 Nano-emulsions can be applied for delivery of fragrance, which may be incorporated in 
many personal care products. This could also be applied in perfumes, which are 
desirable to be formulated alcohol free (Bouchemal et al., 2004). 
 Nano-emulsions can be formulated in variety of formulations such as foams, creams, 
liquids and sprays (Kamat, 2008). 
 One important advantage of nano-emulsions over micro-emulsions is unlike micro-
emulsions, which require a high surfactant concentration (usually about 20% and 
higher), nano-emulsions can be prepared using lower surfactant concentration in their 
formulation. A surfactant concentration between 3 to 10% may be enough (Bouchemal 
et al., 2004 and Tadros et al., 2004). 
 Nano-emulsions forms the primary step in nano-capsules and nano-spheres synthesis 
using nano-precipitation (Fessi et al., 1986; Fessi et al., 1989 and Fessi et al., 1992) and 
the interfacial polycondensation combined with spontaneous emulsification 
(Bouchemal et al., 2004 and Montasser et al., 2001). These two techniques require the 
spontaneous emulsification step under similar optimised conditions (Bouchemal et al., 
2004). 
 The reversibility of oil/brine nano-emulsions allows the ageing nano-emulsions to be 
reverted to conditions similar to those of freshly prepared sample, especially in terms of 
their particle sizes and PDI (Liew et al., 2008). 
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2.6 Limitations of Nano-emulsions 
 Nano-emulsions have some limitations especially in their stability. In contrast to micro-
emulsions, they are not thermodynamically stable (Usón et al., 2004). Due to the 
stability problems, most of proposed formulations are self-emulsifying systems and 
therefore nano-emulsions are produced just before their application (Gutiérrez et al., 
2008). 
 One of the main problems with nano-emulsions is Ostwald ripening which results from 
the difference in solubility of small and large droplets mostly during storage time 
(Tadros et al., 2004). 
 Although nano-emulsions have several advantages due to their high stability and 
clarity, the most commonly examined systems include short chain alcohols (as well as 
non-polar phases such as hexane) which make them unsuitable for most pharmaceutical 
purposes (Palamone, 2002). 
 
2.7 Stability of Nano-emulsions  
The most important physical properties of a nano-emulsion is its stability (Baloch & Hameed, 
2005). Controlling stability and instability of emulsions is important from commercial and 
scientific perspectives (Egger & McGrath, 2006). Achieving such control comes through 
gaining an understanding of the relationship between emulsion constituents and 
microstructure, and also how these influence the kinetics and mechanism of destabilisation 
(Egger & McGrath, 2006). Usually nano-emulsion systems are stabilized by a trial and error 
method without knowing the entire inside phenomena or the mechanism (Baloch & Hameed, 
2005). 
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Previous studies showed that the storage temperature has significant effect on emulsion 
stability (Ee et al., 2008). The addition of salt can also have significant effect on the stability 
of nano-emulsions depending on the type and concentration of salt used (Pourjavaheri-Jad et 
al., 2010). According to Baloch & Hameed (2005), factors that favour nano-emulsion 
stability are: 
 Low interfacial tension 
 Steric stabilization 
 Mechanically strong interfacial film (proteins, surfactants, mixed emulsifiers) 
 Electrical double layer repulsions (at lower volume fractions) 
 Relatively small volume of dispersed phase 
 Narrow droplet size distribution 
 High viscosity (which retards the rates of creaming, coalescence, etc.).  
 
It is generally believed that an optimum hydrophilic-lypophilic balance (HLB) number is 
required to obtain stable emulsions (Izquierdo et al., 2005). However, the HLB number 
concept only takes into account the surfactant molecule, not the interactions of the surfactant 
with water and oil in the overall emulsion system (Izquierdo et al., 2005). 
 
2.8 Emulsions Failure 
Nano-emulsions are very fragile systems by nature and since they are translucent fluids, the 
slightest sign of destabilisation appears visually. They become opaque and creaming may be 
visible. Different mechanisms can lead to emulsion breakdown. Tadros (2004) explained 
Chapter 2 _________________________________________________ Literature Review 
 
 
 
 
 
                                       
                                                                                                                                                        Page 20  
some of the break down processes (Figure 2.7). Each of emulsions failure mechanisms 
affects the homogenous dispersion of oil droplets to be lost.  
Creaming and sedimentation are caused by gravity. Settling under gravity may occur when 
the density of the oil is higher than that of the medium. This may also occur with W/O 
emulsions when the density of the aqueous droplets is higher than the oil phase. In most 
cases, creaming rather than sedimentation occurs, since most oils have densities lower than 
the continuous aqueous phase (Tadros 1983). 
 
Flocculation is caused by van der Waals attraction when there is not sufficient repulsion 
between the droplets and attractive energy exceeds the repulsive energy. One can also 
distinguish between weak and strong flocculation. 
 
Ostwald ripening (disproportionation) is caused by the difference in solubility between the 
small and large droplets. It may occur when the oil solubility is significant. The small 
droplets, which have higher solubility than the larger ones, tend to dissolve on storage and 
become deposited on the larger ones. 
 
Coalescence is induced by thinning and disruption of the liquid film between the droplets 
with the ultimate joining of these droplets and finally some oil separation can be observed 
(Binks 1998). 
 
Phase inversion is whereby the dispersed phase and medium interchange i.e. the continuous 
phase forms the droplets and the dispersed droplets form the continuous phase (e.g. an O/W 
emulsion reverting to a W/O emulsion and vice versa) (Tadros 2004).  
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The physics of above mentioned instability processes is rather complex. They may occur 
simultaneously rather than consecutively. Understanding the emulsion breakdown processes 
at a molecular level is far from complete at present. It is thus necessary to develop methods 
of assessment of each process and attempt to predict the long-term physical stability of 
emulsions. 
 
 
Figure 2.7: The failure of emulsions 
Schematic representation of the break-down processes in emulsions (Tadros 2004) 
 
2.8.1 Breaking  
Breaking is the destroying of the film surrounding the particles. Due to coalescence and 
creaming combined, the oil separates completely from the water so that it floats at the top in a 
single, continuous layer (Figure 2.7). Coalescence and breaking lead to large bodies of oil 
separating from the water and essentially result in the emulsion separating completely. To 
reverse this process the emulsion must be remade and this will require a lot of energy. Both 
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coalescence and flocculation are more likely if the surface energy between the two phases is 
high and if the surface area to volume ratio is high (i.e. the oil droplets are very small). 
However, emulsions of small droplets are easier to stabilise because creaming is less likely. 
Creaming or sedimentation of drops are simple examples that can occur due to the density 
difference between the dispersed (oil) and continuous (water) phases and can be enhanced or 
restricted by flocculation (Egger & McGrath, 2006).  
 
2.8.2 Flocculation 
Flocculation is simple extension of creaming or sedimentation where the droplets associate 
with each other forming a weakly bound floc of larger average size, thereby allowing gravity 
to dominate the system (Egger & McGrath, 2006). In other words, flocculation happens when 
the small spheres of oil stick together to form clumps or flocs which act as if they are larger 
drops. Drops move into the secondary minimum of the interaction curve, forming 
combination of two or more drops, when the oil is no longer evenly distributed through the 
water (Figure 2.7). Flocculation can originate from the addition of polymers to thicken or gel 
the nano-emulsions (Sonneville-Aubrun et al., 2004).  
 
2.8.3 Creaming  
Creaming happens when there is a difference in the density between the drop and the 
medium, and it leads to the concentration of drops either at the top or bottom of the container. 
Most oils are less dense than water and therefore will float to the top. However, the drops 
will not necessarily combine and join together (Figure 2.7).  
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2.8.4 Sedimentation  
Sedimentation is the tendency for particles in a suspension or molecules in a solution to settle 
out of the fluid and come to rest against the bottom. This is due to their movements through 
the fluid in response to the forces acting on them. These forces can be due to gravity, 
centrifugal acceleration or electromagnetism. 
 
2.8.5 Coalescence 
Coalescence is one of the main mechanisms widely discussed in the literature for the actual 
breakdown of individual droplets, (Egger & McGrath, 2006). Coalescence happens when two 
drops combine into one. When two small oil spheres have a joined surface area, their surface 
energy is larger than that of a single big sphere containing the same volume of oil (Figures 
2.8 and 2.9). So the interfacial film breaks when two droplets collide forming one combined 
droplet (Egger & McGrath, 2006). For coalescence to occur, the thinning film between 
approaching drops must reach a critical thickness. For example if salad dressing is left to 
stand the small oil droplets will combine to form bigger and bigger spheres until the oil 
droplets have completely separated from the water.  
 
 
 
 
 
Figure 2.8: Schematic representation of the coalescence mechanisms 
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2.8.6 Ostwald Ripening 
Even though nano-emulsions are long-time stable emulsions, they are not stable against 
Ostwald ripening, which is one of the main mechanism that are widely discussed in the 
literature for the actual breakdown of individual droplets (Egger & McGrath, Izquierdo et al., 
2005; Morales et al., 2003; Tadros et al., 2004; Taylor & Ottewill, 1994 and Solans et al., 
2005). Ostwald ripening is caused by the nature of the oil phase and is a phenomenon 
attributed to the difference in solubility of droplets with different sizes since the Laplace 
pressure of droplets varies with their sizes. In Ostwald ripening, the bigger droplets grow at 
the expense of the smaller droplets, which shrink and decrease in size and disappear. It is 
because smaller droplets have higher solubility in the bulk due to their higher Laplace 
pressure compared to larger droplets which have lower Laplace pressure. So Ostwald 
ripening relies on the transport and solubility of the dispersed phase in the continuous phase 
and therefore the ripening rate itself can be strongly influenced by the presence of oil-swollen 
surfactant micelles in the aqueous phase (Egger & McGrath, 2006). The droplet growth rate 
(ω) also referred as ripening rate, can be estimated by the Lifshitz-Slezov and Wagner (LSW) 
theory (Taylor and Ottewill, 1994) as follows: 
     (1) 
where rn is the number average radius, t the storage time, D the diffusivity of oil phase in 
continuous phase, C∞ the bulk solubility of oil phase, γ the interfacial tension, Vm the molar 
volume of the oil, R the gas constant and T the absolute temperature. By plotting rn
3
 versus 
the storage time t, a linear graph can be obtained with the slope equal to the Ostwald ripening 
rate, if Ostwald ripening is dominant in the instability of emulsions. 
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Figure 2.9: Difference between coalescence and Ostwald ripening (Bowker, 2002) 
 
 
When the energy of adhesion between two droplets is larger than the turbulent energy 
causing dispersion, coalescence between droplets will occur. Furthermore, coalescence is a 
result from the thinning and disruption of the liquid film between the droplets and the joining 
of these droplets. The droplet size will become bigger and bigger by combining with different 
droplets and cause phase separation in the end. Uson et al. (2004) showed the growth rate of 
the droplets due to coalescence as below: 
            (2) 
where r is average droplet radius after t, ro is the radius at t = 0 and ω is the frequency of 
rupture per unit of surface of the film. A straight line can be plotted between 1/r
2
 and t, when 
coalescence is the main factor to destabilise an emulsion system. Due to the absence of 
significant influence of the gravity force on the ultra-small-sized droplets in nano-emulsions, 
Brownian motion becomes significant and thus sedimentation and creaming are impossible in 
this case. Therefore, Ostwald ripening and coalescence are the main destabilising factors in 
nano-emulsions, depending on water concentration (Porras, 2004). Those two factors are hard 
to differentiate in any equipment, thus equation (1) and (2) play an important role to 
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determine the dominant destabilising factor. Bowker (2002) presented the difference between 
coalescence and Ostwald ripening as shown in Figure 2.9.    
 
2.9 Formulation of Nano-emulsions 
Nano-emulsions are typically prepared by first dispersing an oil in an aqueous solution 
containing surfactant and then adding a sufficient amount of a fourth component, generally a 
short chain-length alcohol (e.g., butanol, pentanol, or hexanol) to form a transparent system, 
if required (Palamone, 2002).  
 
2.9.1 Surfactant 
The name surfactant is short for “surface active agents” and is given to molecules that have 
an effect on the surface energy of the oil/water interface. In other words surfactant is a 
substance that, when dissolved in water, lowers the surface tension of the water and increases 
the solubility of organic compounds. These chemicals not only increase the stability of 
emulsions but also make them substantially easier to form in the first place. Surfactants can 
achieve this because they act as a „bridge‟ between the oil droplets and the water, reducing 
the surface energy of the interface and thus reducing the amount of energy needed to create 
new oil/water surfaces. Surfactants are molecules that are hydrophilic polar at one end (head) 
and non-polar at the other (tail), thus one end of the molecule dissolves in the water phase 
(hydrophilic head) and the other end dissolves in the oil droplet (lypophilic tail) as shown in 
Figures 2.2 and 2.10. 
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Figure 2.10: The action of non-ionic surfactants bringing the oil/water interface (Majumdar, 2009) 
 
Nano-emulsions droplets are stabilized by surfactants. It is well-known that certain mixtures 
of surfactants can provide better performance than pure surfactants for a wide variety of 
applications (Porras, 2004; Rosen, 1992 and Scamehorn, 1986). Any surfactant that allows 
the oil phase to remain suspended in the water phase can be used for the production of O/W 
nano-emulsions. Emulsifier concentration plays a substantial role in the emulsion inversion 
of high molecular weight epoxy resins (Semsarzadeh & Aravand, 2007). The addition of 
surfactants and/or monomers has been shown to reduce droplet sizes efficiently (Anton et al., 
2007). Increasing the emulsifier concentration will significantly reduce the droplet size and 
narrow the size distribution of the resulting O/W emulsions leading to the formation of sub-
micron size particles (Semsarzadeh & Aravand, 2007). Semsarzadeh and Aravand (2007) 
also reported that an increase in emulsifier concentration increases the water fraction at the 
inversion point and mentioned that the exact reason for such behaviour is not completely 
understood yet. However they mentioned that this observation is possibly due to the 
enhanced dispersibility of the water phase at higher emulsifier concentrations when a thicker 
interfacial film is formed by the emulsifier around the water droplets thereby increasing the 
resistance of the water droplets towards coalescence. They have concluded that this 
phenomenon finally increases the amount of water required to initiate the inversion of the 
initial W/O emulsion. It has been found that the production and stability of nano-emulsions 
Chapter 2 _________________________________________________ Literature Review 
 
 
 
 
 
                                       
                                                                                                                                                        Page 28  
are mainly dependent on the concentration of surfactant, type of surfactant and concentration 
of dispersed phase. 
 
2.9.2 Classification of Surfactants 
The most common way for classifying surfactants, both natural and synthetic, is by the use of 
the hydrophilic-lypophilic balance (HLB) value (Palamone, 2002). The nature of the 
hydrophilic group (head) provides the most useful means for categorizing the different 
surfactants used in formulations. HLB is calculated as follows: 
 
HLB = 20 (1 – (S/A))          (3) 
                 
 
where S is the saponification number of the ester and A is the acid number of the resulting 
acid (Palamone, 2002). HLB number classifies the polarity of a non-ionic surfactant in term 
of an empirical quantity (Sadurni et al., 2005 and Liu et al., 2006). Non-ionic surfactants are 
designated from lipophilic to hydrophilic on a scale of 1 to 20 at 25 °C. Brooks et al. (1998) 
showed the potential applications of a surfactant based on its HLB number (Table 2.1). 
Previous studies proved that an optimum HLB number exists to produce the smallest and 
most stable nano-emulsions, and the optimum HLB number decreases with an increase in the 
temperature (Sadurni et al., 2005; Liu et al., 2006).  
 
If the surfactant molecule is not ionized, it is classified as a non-ionic surfactant, which finds 
wide application in pharmaceutical and cosmetic products (Palamone, 2002). In general, their 
HLB values range from 1 to about 18 depending on their structure (Palamone, 2002). The 
hydrophilic emulsifiers have HLB values greater than 10 while the lypophilic emulsifiers 
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have HLB values from 1 to 10 (Bouchemal et al., 2004). Non-ionic surfactants have 
advantages over ionic emulsifiers since they are usable with a broad pH range and often form 
more stable emulsions than ionic emulsifiers such as soap-type emulsifiers (Palamone, 2002). 
PIT method cannot be used with ionic surfactants because temperature change does not 
change the behaviour of ionic surfactants (Solè et al., 2006). If the surfactant molecule 
carries a negative charge when it is dissolved or dispersed in water, the surfactant is classified 
as anionic (Palamone, 2002). If the surfactant molecule carries a positive charge when it is 
dissolved or dispersed in water, the surfactant is classified as cationic (Palamone, 2002). If 
the surfactant molecule has the ability to carry either a positive or negative charge, the 
surfactant is classified as amphoteric (Palamone, 2002). 
 
Table 2.1: Applications of surfactants based on their HLB number (Brooks et al., 1998)  
 
HLB Number Range Application 
3 - 6 W/O Emulsifier 
7 - 9 Wetting Agent 
8 - 18 O/W Emulsifier 
13 - 15 Detergent 
15 - 18 Solubiliser 
 
2.9.3 The Mechanism of Emulsification and the Role of Surfactants 
Consider the energy required to expand the interface, ΔAγ; where ΔA is the increase in 
interfacial area when the bulk oil with area A1 produces a large number of droplets with area 
A2; where A2>A1 and γ is the interfacial tension. Since γ is positive, the energy to expand the 
interface is large and positive. The small entropy of dispersion TΔS (which is also positive) 
cannot be ignored and the total free energy of formation of an emulsion, ΔG is positive and 
given by; 
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          ΔG = ΔAγ – TΔS       (4)   
        
 
Thus, emulsion formation is non-spontaneous and energy is required to produce the droplets. 
The formation of large droplets is fairly easy and hence high speed stirrers are sufficient to 
produce the emulsion. In contrast, the formation of small drops (submicron as is the case with 
nano-emulsions) is difficult and this requires a large amount of surfactant and energy (Liu et 
al., 2006). The high energy required for the formation of nano-emulsions can be understood 
from a consideration of the Laplace pressure p (the difference in pressure between inside and 
outside the droplet), 
                                                               
 
  
  
 
  
      (5) 
where R1and R2 are the principal radii of curvature of the drop. For a spherical drop, R1 = R2 
= R and, 
            
  
 
                  (6) 
To break up a drop into smaller ones, it must be strongly deformed and this deformation 
increases the Laplace pressure, p (Sole et al., 2006). Consider when a spherical drop deforms 
into an ellipsoid. For a spherical drop, there is only one radius of curvature Ra, whereas for an 
ellipsoid there are two radii of curvature Rb,1 and Rb,2. Consequently, the forces required to 
deform the drop is higher for a smaller drop. Since the stress is generally transmitted by the 
surrounding liquid via agitation and stirring, higher stresses need more vigorous agitation, 
hence more energy is needed to produce smaller drops. Surfactants play a major role in the 
formation of nano-emulsions. By lowering the interfacial tension, p is reduced and hence the 
stress needed to break up a drop is reduced. Surfactants lower the interfacial tension γ and 
this causes a reduction in droplet size. The amount of surfactant required to produce the 
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smallest drop size will depend on its concentration, a in the bulk which determines the 
reduction in γ, as given by the Gibbs adsorption equation; 
 
      -dγ = RTΓdlna             (7)  
           
 
where R is the gas constant, T is the absolute temperature and Γ is the surface excess (number 
of moles adsorbed per unit area of the interface). Γ increases with increase in surfactant 
concentration and eventually it reaches a saturation adsorption (Sole et al., 2006). The value 
of γ obtained depends on the nature of the oil and surfactant used. Small molecules such as 
non-ionic surfactants lower γ more than polymeric surfactants such as polyvinyl alcohol. 
Another important role of the surfactant is its effect on the interfacial dilatational modulus, ε, 
which is given as: 
         
  
    
                    (8) 
 
During emulsification, an increase in the interfacial area A takes place and this causes a 
reduction in Γ. The equilibrium is restored by the adsorption of surfactant from the mixture, 
but this takes time (shorter time is required at higher surfactant concentration). Therefore ε is 
small at small a and also at large a. In practice, surfactant mixtures, rather than single 
surfactant, are used and they have obvious effects on γ and ε. The presence of more than one 
surfactant molecule at the interface tends to increase ε at high surfactant concentrations. The 
various components in surfactant mixtures have different surface activity levels. Apart from 
their effect on reducing , surfactants play major roles in the deformation and break-up of 
droplets. Surfactants allow the existence of interfacial tension gradients, which is crucial for 
formation of stable droplets (Tadros et al., 2004). 
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2.9.4 Salt 
Salt is a common additive in emulsions prepared in pharmaceuticals, cosmetics and food 
industries to improve the stability of emulsions against creaming and flocculation (Srinivasan 
et al., 2000), reduce the Ostwald ripening rate in emulsions with ionic surfactants (Taylor & 
Ottewill, 1994). Coalescence prevention will also be improved by the addition of salt in O/W 
emulsions with droplet size larger than 1 μm, (Baloch & Hameed, 2005). The improved 
stability is a result of the increasing interdroplet interaction and therefore increasing viscosity 
in the continuous medium (Morais et al., 2006). It has been reported by Binks et al. (2000) 
that there is an optimum salt concentration to produce the most stable emulsions. They have 
stated that O/W micro-emulsions can be produced at low salt concentrations and W/O micro-
emulsions can be produced at high salt concentrations. In the formation of emulsions, the 
addition of salt will decrease the PIT temperature and phase inversion will occur at a crucial 
salt concentration when the system is at a constant temperature (Shinoda & Takeda, 1970; 
Wasan et al., 1988 and Anton et al., 2007). For the O/W nano-emulsions produced by high-
energy methods, the addition of salt has been found to have no effect on droplet size but 
enhance the stability against creaming (Srinivasan et al., 2000; Morais et al., 2006 and 
Martinez et al., 2007). On the other hand, Srinivasan et al. (2000) showed that average 
droplet sizes in nano-emulsions produced by high-pressure homogenizer are not affected by 
the addition of salt. However Baloch and Hameed (2005) showed in their investigation using 
ultra-sonification that the number of droplets decreases while the size increases with the 
increase in salt concentration. They mentioned that the addition of electrolytes encourages 
coalescence and enhances the instability in the system. It has also been reported by Binks et 
al. (2000) that an optimum salt concentration is required to be able to produce the most stable 
emulsions. Emulsions containing an optimum salt concentration were found to have the 
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lowest interfacial tension and produce droplets with the smallest particle size (Binks et al., 
2000). Liew et al. (2008) claimed the systems containing salt, regardless whether they are 
with or without an optimum salt concentration, produced more stable nano-emulsions since 
the Ostwald ripening rate is lower compared to the systems with no salt. The most interesting 
part of Liew's study was that the ageing nano-emulsions could be reverted to their initial 
condition with similar particle sizes and PDI only in the systems containing salt. The addition 
of salt to nano-emulsions can have different effects on emulsion‟s stability depending on the 
type and concentration of the salt used. Previous studies by Srinivasan et al. (2000), Morais 
et al. (2006) and Martinez et al. (2007), focused on the effect of salt and it‟s concentration on 
nano-emulsions prepared by high-pressure homogeniser. These studies have used particle 
size measurement to determine nano-emulsion‟s stability. However, the properties of nano-
emulsions produced by the PIT method with different brine concentrations have not been 
reported in the literature. This study will focus on the effect of salt concentration on O/W 
nano-emulsions produced by PIT method.  
 
2.9.5   Electrolyte Effects on Nano-emulsions 
As mentioned above, one of the methods to increase the stability of emulsions is the addition 
of salts/electrolytes in the continuous phase. Emulsions stabilised with non-ionic surfactant 
are produced mainly via steric stabilization, where the droplets in the emulsions are coated 
with an adsorbed layer of some material which prevents a close approach between droplets. 
An electrostatic mechanism can stabilise the emulsions by providing same electrical charges 
(either positive or negative) to all droplets so that they will repel one another (Hunter, 2001 
and Morais et al., 2006). In an electrolyte solution, the distribution of the ions around the 
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charged droplets is not uniform and the arrangement of the electrical charges on the oil 
droplet is called the „electrical double layer‟ of the droplet. The layer is made up of two parts, 
the inner region (Stern layer) and the outer region (diffuse layer). Stern layer is where the 
ions are stronger bonded (counterions) while diffuse layer is where the ions are distributed 
broadly (coions). The interaction between charged droplets is mainly governed by the overlap 
of diffuse layer and thus the potential between droplets depends on the boundary of the Stern 
and diffuse layers, rather than the potential at the droplet surface. Therefore, there are two 
forces acting between droplets, which are repulsive (positive) force from the double layer and 
attractive (negative) force from Van der Waals potential (Dukhin & Sjoblom, 1996 and 
Morais et al., 2006). As the surface potential cannot be directly determined, the electrostatic 
interaction between droplets is replaced by zeta potential. Zeta potential is a difference of 
potential between a point situated at a sufficiently large distance from the droplet surface and 
a point situated on the surface of the shear, i.e., the plane in which the relative movement of 
the phases occurs (Morais et al., 2006). Stable emulsions are expected to have positive zeta 
potential (repulsive) and are more stable with larger zeta potential. With the addition of an 
electrolyte and the increase of its concentration, the ionic strength of continuous phase will 
increase and the electrical double layer will be compressed (leading to a reduction in its 
thickness), which will lead to a reduction in the repulsion force between the droplets (Baloch 
& Hameed, 2005; Morais et al., 2006). On comparing the repulsive force with the London-
Van der Waals force (attractive), the net force will be more attractive at high electrolyte 
concentrations. Therefore, the instability of emulsions will be governed predominantly by 
flocculation. However, some research has shown flocculated colloids can be redispersed by 
washing away the electrolyte, thereby clearly indicating that the aggregation is caused by the 
hydrated ions, not by the primary forces (Van der Waals force) in solutions with high 
electrolyte concentration (Dukhin & Sjoblom, 1996). Moreover, the change of zeta potential 
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with salt concentration is more pronounced in ionic surfactant system compared to non-ionic 
surfactant system (Binks et al., 2000 and Morais et al., 2006).  
 
2.10 Methods of Nano-emulsions Preparations 
Emulsification consists of dispersing one liquid into another non-miscible one, via the 
creation of an interface (Leal-Calderon et al., 2007). Nano-emulsions, being non-equilibrium 
systems, have characteristics and properties that depend not only on their composition but 
also on the preparation method (Gutiérrez et al., 2008). Energy input, generally from 
mechanical devices or from the chemical potential of the components, is required for the 
formation of nano-emulsions (Sadurní et al., 2005 and Usón et al., 2004). According to the 
literature, nano-emulsions can be prepared by two fundamentally different categories namely, 
high- and low-energy processes. High-energy emulsification methods that make use of 
mechanical devices can produce both O/W and W/O nano-emulsion type. However, most of 
low-energy methods, which make use of the physicochemical property of an emulsion 
system, only lead to O/W type (Anton et al., 2007). Although high-energy emulsification 
methods allow great control of the droplet size and a large choice of compositions, low-
energy emulsification methods are interesting because they take advantage of the energy 
stored in the system to promote the formation of small droplets (Izquierdo et al., 2005). In 
practice, a combination of high-energy and low-energy emulsification methods has proved to 
be an efficient way to obtain nano-emulsions with small and very uniform droplets (Sadurni 
et al., 2005). 
 
 
Chapter 2 _________________________________________________ Literature Review 
 
 
 
 
 
                                       
                                                                                                                                                        Page 36  
2.10.1 High-energy Emulsification Methods 
High-energy emulsification methods, which make use of mechanical energy, are energy-
intensive but they allow greater control of droplet sizes and large choice of compositions. 
They involve the application of high mechanical energy during emulsification. High energy 
input is achieved using one the following:  
 High-shear mixing device – homogenization with a vibromixer 
 High-pressure homogenizer 
 Ultrasound generator – sonication, ultra-sonification 
 Micro-fluidization or Manton – Gaulin device 
 Membrane emulsification  
 Micro-channel emulsification  
 In-situ emulsification  
Since nano-emulsions have very small particle size range, they can be most effectively 
produced using high-pressure equipment (Kamat, 2008). The most commonly used methods 
for producing nano-emulsions are „high-pressure homogenization‟ and „micro-fluidization‟, 
which can be used at both laboratory and industrial scales to obtain emulsions with small and 
uniform droplet size (Kamat, 2008). Other methods like „ultra-sonification‟, „homogenization 
with a vibromixer‟, „sonication‟ and „in-situ emulsification‟ are also suitable but are mostly 
used at laboratory scale and not in commercial production (Kamat, 2008). In general, high-
energy nano-emulsification methods present a good potential for polymeric nano-particle 
generation since the formulation parameters are directly controllable. 
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2.10.2 Low-Energy Emulsification Methods 
„Low-energy emulsification methods‟ or „condensation‟ or „spontaneous emulsification 
methods‟ take advantage of the chemical energy stored in the components of the systems to 
promote the formation of small droplets. In these methods, a change of curvature and a phase 
transition take place during the emulsification process due to the physico-chemical 
behaviours of the surfactants. Intrinsic physico-chemical behaviour is manipulated to 
generate nanometric-sized emulsions with a minimum of energy. In these methods, nano-
emulsions are obtained as a result of phase transitions produced during the emulsification 
process which is carried out, generally, at a constant temperature by changing composition or 
at a constant composition by changing temperature, such as: 
 Spontaneous emulsification or the solvent-diffusion method  
 Phase inversion composition (PIC) method (constant temperature, changing 
composition) 
 Emulsion inversion point (EIP) method (constant temperature) 
 Phase transition, at constant temperature (CIP)   
 Phase inversion temperature (PIT) emulsification method (constant composition, 
changing temperature), which is the focus of this study.  
 
Due to the energy consumption considerations in producing nano-emulsions, low-energy 
methods are always preferred in emulsion industries. In order to utilise low-energy methods, 
the phase behaviour of surfactants needs to be studied in different systems. When phase 
behaviour changes from one to another, the interfacial tension will change followed by the 
change in the curvature of the surfactant monolayer. The change of the interfacial tension is a 
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crucial behaviour for producing the nano-emulsions by the low energy methods. Since the 
recognition of the significance of the behaviour of a surfactant system by Winsor (1954), 
many of the phase behaviours of surfactants were named after him.  
 
The spontaneous curvature of surfactant monolayer in a non-ionic surfactant emulsion system 
can be easily controlled by varying the temperature. The surfactant need to be assembled in 
such a way that the bending energy is minimized when oil, water and surfactant are mixed 
together. At low temperatures, the spontaneous curvature is large and positive and micelles 
are formed in water. The oil is solubilised by the micelles and it separates from the system as 
a second phase if excess oil added. The behaviour of a surfactant system with a change in 
temperatures is shown in Figure 2.11 for an oil/water/non-ionic surfactant system.  
 
 
 
Figure 2.11: Schematic changes in the phase equilibrium of an emulsion system on raising the temperature. As 
the temperature increases, the emulsions are changed from O/W over the Windsor I region (a) to W/O over the 
Windsor II region (b), through the Windsor III region (b), (c) and (d) (Kabalnov, 1998)  
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Windsor I (WI) equilibrium describes the equilibrium of an aqueous micellar solution with 
excess oil (Figure 2.11 (a)). In this case, the spontaneous curvature is large (in absolute 
value) and negative at high temperature. Therefore, water is solubilised in micelles, which are 
formed in oil. When more water is added, the excess water separates as a second phase and 
the Windsor II (WII) equilibrium will occur (Figure 2.11 (e)). Between the WI and WII 
regions, the phase behaviour is complicated and it normally consists of „oil‟ (upper), „water‟ 
(lower) and „micro-emulsions (m-phase)‟ (middle) phases. This three-phase equilibrium is 
called Windsor III (WII) equilibrium (Figure 2.11 (b), (c) and (d)). At lower end point 
(Figure 2.11 (d)), the lower and middle phases are critical to each other, while the upper 
phase is non-critical to them. At the upper endpoint (Figure 2.11 (b)), the upper and middle 
phases are critical and the lower phase is the non-critical „spectator‟. In the WIII state, the 
structure of the surfactant is intriguing and the „oil‟ and „water‟ phases represent weak 
molecular solutions of the surfactant in the solvents.  
 
Figure 2.12: Schematic changes in spontaneous curvature of surfactant layers in the process of phase inversion 
from O/W to W/O emulsions (Kunieda et al., 1996) 
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In low-energy methods, nano-emulsions are produced as a result of phase transition, which 
can be either achieved at constant temperature (CIP) or by applying phase inversion 
temperature (PIT) concept (Izquierdo et al., 2002; Maestro et al., 2008; Shinoda & Saito, 
1969). Among these techniques, PIT has received more attention recently due to its low 
energy and surfactant requirements (Liew et al., 2009). 
 
2.10.3  PIT Emulsification Method  
Semsarzadeh and Aravand (2007) explained that emulsion type (i.e. W/O or O/W) and 
stability are known to be associated with the phase behaviour of the surfactant-oil-water 
systems and the conversion between these two types of emulsions is generally called phase 
inversion or emulsion inversion. One of the low energy and surfactant methods, based on the 
HLB temperature concept, is the so-called phase inversion temperature (PIT) emulsification 
method, which was introduced by Shinoda and Saito in 1969. According to Sajjadi (2006), 
PIT is a transitional phase inversion (TPI) process, where the O/W and W/O emulsions are 
interchangeable by varying the temperature of an emulsion system. Allouche et al. (2004) 
presented it clearly on a diagram as shown in Figure 2.13. 
 
 
 
Figure 2.13: Viscosity, conductivity and PIT point of a non-ionic emulsion system (Allouche et al., 2004) 
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This method, which is widely used in industry, uses the chemical energy stored in the 
components by taking advantage of the extremely low interfacial tensions achieved at the 
HLB temperature or PIT to promote emulsification. PIT method is interesting since it is an 
organic, solvent-free and low-energy method that practically leads to O/W nano-emulsions in 
the presence of a surfactant. It uses the changing solubility of surfactants with temperature to 
achieve the phase inversion following a variation of temperature (Anton et al., 2007). Due to 
its advantages (low-energy and low-surfactant usage), it has received more attention recently. 
PIT temperature must be obtained from the phase equilibrium experiments in which 
emulsions are exposed to a series of temperatures and well equilibrated in those temperatures. 
However, a more conventional way to determine the PIT temperature is by measuring the 
dynamic conductivity of an emulsion system with changing temperatures, where a high 
conductivity is obtained at low temperatures (aqueous-continuous) and a low conductivity is 
obtained at high temperatures (oil-continuous). Dynamic conductivity is the emulsion 
conductivity measured under a stirring condition where the system is considered not in 
equilibrium state when the measurement is taken (Anton et al., 2008). PIT temperature is 
obtained by taking the average of temperatures at highest and lowest conductivity (Izquierdo 
et al., 2002). 
 
The PIT method works on the basis of the changes in the affinity of a polyoxyethylene-type 
non-ionic surfactant with temperature. The curvature of the surfactant monolayer is more 
convex towards water at low temperatures but more concave towards water at high 
temperatures due to the dehydration of hydrophilic tail in a non-ionic surfactant. Therefore, 
O/W emulsions are preferably formed at low temperatures and W/O emulsions at high 
temperatures. The curvature is neither concave nor convex towards water at the PIT. The 
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interfacial tension of oil against water in the presence of a non-ionic surfactant decreases with 
temperatures and reaches a minimum at PIT before it increases again with temperature 
(Shinoda & Saito, 1969 and Tadros et al., 2004). Therefore, emulsions with very small 
droplet sizes can be produced when the emulsification process carried out near the PIT, 
however, they are very unstable at that temperature;e (Shinoda & Saito, 1969). Thus, a rapid 
cooling (quenching) process and a storage temperature far less than the PIT are required for 
producing fine and stable O/W nano-emulsions. Shinoda and Saito (1969) suggest a storage 
temperature 20 - 65°C lower than the PIT for prolonging the shelving period of nano-
emulsions. The stability of the nano-emulsions produced by PIT method is highly dependent 
on the quenching process (Taisne & Cabane, 1998) and also the storage temperature (Shinoda 
& Saito, 1969 and Ee et al., 2008). Studies on nano-emulsion formation by the PIT method 
have shown a relationship between the minimum droplet size and complete solubilization of 
the oil in the bicontinuous phase independent of whether the initial phase equilibria is for 
single or multiphase (Solans, 2005). Ee et al. (2008) reported that the droplet size and droplet 
size distribution are strongly dependent on the methods of heating and cooling, and also on 
the final temperature to which the mixture is cooled after phase inversion. Phase inversion in 
an oil/non-ionic surfactant/water emulsion system can be controlled by factors such as the 
initial and final temperatures of the system, the oil/surfactant/water type, concentration of 
additives in the oil, surfactant and water phases, mixing condition such as stirrer speed, and 
the rate & order of additions of the components. As mentioned by Fernandez et al. (2004) 
and Izquierdo et al., (2002), among all the techniques for producing nano-emulsions, PIT 
method has been widely used because of the advantages such as low energy cost, absence of 
the toxicity of organic solvent due to the use of low amount of surfactants used. This method 
is potentially the most suitable for applications in the fields of nano-medicine, 
pharmaceutical sciences and cosmetics to prevent the drug from degradation during 
Chapter 2 _________________________________________________ Literature Review 
 
 
 
 
 
                                       
                                                                                                                                                        Page 43  
processing. Also, since the process is relatively simple and low-energy consuming, it allows 
easy industrial scale-up (Anton et al., 2007) and therefore it is essentially one of the most 
appealing methods in both laboratory and industrial scales.  
 
Phase inversion in emulsions can be one of two types: 1) transitional inversion induced by 
changing factors, which affect the HLB of the system (e.g. temperature and/or electrolyte 
concentration); 2) catastrophic inversion, which is induced by increasing the volume fraction 
of the dispersed phase. Transitional inversion can also be induced by changing the HLB 
number of the surfactant at constant temperature using surfactant mixtures (Izquierdo et al., 
2001). Transitional inversion method has been used when using non-ionic surfactants of the 
ethoxylate type. These surfactants are highly dependent on temperature, becoming lipophilic 
with increasing temperature due to the dehydration of the polyethyleneoxide chain. When an 
O/W emulsion prepared using a non-ionic surfactant of the ethoxylate type is heated, the 
emulsion inverts to a W/O emulsion at a critical temperature (PIT). At PIT, both the droplet 
size and interfacial tension reach minimum values. However, the small droplets are unstable 
and can unite very rapidly. By rapid cooling of the emulsion, very stable and small emulsion 
droplets can be produced (Solans et al., 2005). Below the HLB temperature, a stable O/W 
nano-emulsion is formed, whereas above the temperature a stable W/O emulsion is formed. 
Close to the HLB temperature, a three phase equilibrium is observed and neither O/W or 
W/O emulsions are stable at this temperature. Near the HLB temperature, the interfacial 
tension reaches a minimum. So by preparing the emulsion at a temperature 4 - 5 °C above the 
PIT (near the minimum γ) followed by rapid cooling of the system, nano-emulsions with 
small droplets can be produced (Solans et al., 2005). The minimum in γ can be explained in 
terms of the change in curvature H of the interfacial region, as the system changes from O/W 
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to W/O. For O/W system and normal micelles, the monolayer curves towards the oil and H is 
given a positive value. For a W/O emulsions and inverse micelles, the monolayer curves 
towards the water and H is assigned a negative value. At the inversion point (HLB 
temperature) H becomes zero and γ reaches a minimum (Kumar et al., 2005). 
 
2.11  Reversibility of Nano-emulsions Produced by PIT 
Nano-emulsions produced by the PIT method are very sensitive to temperature (Ee et al., 
2008). They need to be handled at their optimum temperature in order to prolong the shelving 
life. However, it is very hard to store and deliver nano-emulsions at their optimum state for 
practical purposes. If an ageing or destabilised nano-emulsion system can be reverted to its 
freshly-prepared state in terms of the droplet size and the size distribution, it may be said that 
the nano-emulsions have the reversibility. The reversibility plays an important role in nano-
emulsion industries as it will allow no restriction on storage and delivery of nano-emulsions. 
As Ee et al. (2008) reported, nano-emulsions that has been destabilized after a long period of 
storage can be rejuvenated simply by equilibration for a few minutes at the optimum 
temperature. Liew et al. (2010) stated that the reversibility process on the aged nano-
emulsions could be achieved simply by tailoring the system temperature.  
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2.12       Stability Evaluation 
The stability of the fresh and reversed nano-emulsion systems is usually assessed by 
measuring the variation of droplets size, PDI and size distributions using different techniques 
such as: 
 dynamic light scattering (DLS) also known as photon correlation spectroscopy 
 static light scattering (SLS) also known as classical light scattering 
 Cryo SEM 
 transmission electronic microscopy (TEM) coupled with negative staining or cryo-TEM 
 freeze-fracturing followed by replication plus TEM or capillary hydrodynamic 
fractionation (CHDF) small-angle scattering (SAS) either with neutrons (SANS) or X-
rays (SAXS) 
 photon correlation spectroscopy (PCS) 
 polarization intensity differential scattering (PIDS) 
 PFG-NMR 
 SEM Micrographs, microscope and also visual observation as a function of time and 
temperature (Anton et al., 2007; Baloch & Hameed, 2005; Bouchemal et al., 2004; 
Pourjavaheri-Jad et al., 2009 and Usón et al., 2004).  
 
Since the average droplet sizes of emulsion systems are critical to their stability, knowledge 
of the polydispersity of the droplets is important in rationalizing all the procesess linked to 
the emulsions stability such as emulsification and demulsification processes. In this study, 
DLS technique was used for stability measurements.  
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2.12.1 Dynamic Light Scattering (DLS) 
Dynamic light scattering (DLS), also known as Photon Correlation Spectroscopy, is a 
powerful technique, which can be used to determine the size in nm, size distribution and PDI 
of small particles in a solution. If the particles are small compared to the wavelength (i.e. < 
250 nm), the light hits small particles and scatters in all directions (Rayleigh scattering). If 
the light source is a laser and thus is monochromatic and coherent, then one observes a time-
dependent fluctuation in the scattering intensity. These fluctuations are due to the fact that the 
small molecules in solutions are undergoing Brownian motion and so the distance between 
the scatterers in the solution is constantly changing with time. This scattered light then 
undergoes either constructive or destructive interference by the surrounding particles and the 
information about the time scale of movement of the scatterers is contained within the 
intensity fluctuations (Bryant, 2007). When light interacts with matter, the oscillating electric 
fields induce fluctuations in the (bound) charges of the atoms and molecules in the material. 
These oscillating charges radiate secondary radiation in all directions. This secondary 
radiation is called scattering. If this scattering is of the same wavelength as the incident 
beam, then the scattering is called coherent or elastic. Inelastic scattering (e.g. Raman 
scattering) will not be considered here. In a perfectly homogeneous and isotropic material the 
scattered radiation from different atoms and molecules interferes destructively, so that there 
is no net scattered radiation. In real (liquid) materials density fluctuations will always lead to 
some scattering. DLS uses a beam of monochromatic laser light, which hits the sample at a 
particular angle   (Figure 2.14). 
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Figure 2.14: Light scattering from two different particles 
 
 The light is scattered in all directions by the particle and is picked up by the detector. The 
exact angular distribution of the scattered light is determined by the laser wavelength and is 
used to calculate the relative refractive index and the shape and size of the particle. A 
diagram of the DLS experimental set up is shown in Figure 2.15.  
 
 
 
Figure 2.15: Experimental setup of the DLS 
 
Brownian motion is the random movement of particles caused by the attack of solvent 
molecules that surround them. The DLS measures Brownian motion and relates it back to the 
size of the particles. Larger particles have a slower Brownian motion, whereas smaller 
particles move more rapidly due to being „kicked‟ by the solvent molecules. The graph in 
Figure 2.16 shows the correlation function for large and small particles. As can be seen, the 
rate of decay for the correlation function is related to particle size as the rate of decay is much 
faster for small particles than it is for large. 
Chapter 2 _________________________________________________ Literature Review 
 
 
 
 
 
                                       
                                                                                                                                                        Page 48  
 
 
 
Figure 2.16: Comparison of correlation function for large and small particles 
 
After the correlation function has been measured, it can be used to calculate the size 
distribution. The DLS software uses algorithms to extract the decay rates for a number of size 
classes to produce a size distribution. A typical size distribution graph is shown in Figure 
2.17. The X axis shows a distribution of size classes, while the Y axis shows the relative 
intensity of the scattered light. This is therefore known as an intensity distribution.  
 
The DLS contains a component known as a correlator, which is responsible for measuring the 
fluctuations in light intensity caused by two different particles over a small period of time. It 
basically measures the degree of similarity between two signals or one signal and itself at 
different intervals. If the intensity of the signals is measured a short time apart then there will 
be a strong correlation between the intensities of the two signals. If the sample contains small 
particles they will be moving more rapidly, which causes the correlation to reduce quickly 
and vice versa for larger particles (Figure 2.18). The point when the correlation starts to 
decay is the mean size of the sample. If the line is steeper, it means the sample is 
monodispersed and if the line is more extended, it indicates the sample is polydispersed.   
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Figure 2.17: Typical size distribution graph of diameter vs. intensity 
 
 
The temperature setting is very important as it affects the viscosity of the liquid. Also, if the 
temperature is not stable it can cause convection currents in the sample, which will cause 
non-random movements that will interfere with the accuracy of the results (Malvern 
Instruments Ltd, 2011).  
 
In DLS, the speed of Brownian motion is measured, which is done by measuring the rate at 
which the intensity of the scattered light fluctuates. When the laser shines through the 
sample, a „speckle‟ pattern is observed where the position of each speckle is in constant 
motion caused by the constant evolution and forming of new patterns due to the phase 
addition (Figure 2.19). The fluctuations can be fast or slow depending on the size of the 
particles; smaller particles cause the intensity to fluctuate faster. A digital auto-correlator on 
the DLS measures the fluctuations in intensity (Malvern Instruments Ltd, 2011). 
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Figure 2.18: Intensity and correlation of large and small particles (Malvern Instruments Ltd, 2011) 
 
 
Figure 2.19: The 'speckle' patter detected by the laser (Malvern Instruments Ltd, 2011) 
 
The DLS technique is especially impressive because no sample information is required. Only 
the solvent viscosity and the refractive index of the solvent must be known. For nano-
particles however, these parameters are not crucial. The refractive index increment, an 
important parameter in static light scattering experiments is not involved in the calculation of 
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the particle radius (Bryant, 2007). Modern DLS instruments are easy to use. The user only 
has to dissolve or dilute the nano-particles and fill it into the appropriate cuvette. Then the 
mean radius of the sample molecules can be easily determined. Typical time scale for a 
measurement is less than one minute although several minutes are recommended for more 
accurate and reliable results.  
 
2.12.2 Polydispersity Index (PDI) 
The stability and reversibility of emulsions were assessed by measuring the particles size and 
polydispersity index (PDI) using dynamic light scattering (DLS) technique as a function of 
temperatures and time. PDl is basically an indication of the quality of the dispersion. PDl can 
vary from 0 to 1.0. A PDl < 0.2 represents a monodispersed system.  
  
2.13 Application of Nano-emulsions 
The potential applications of nano-emulsions are numerous. Nano-emulsions are widely 
applied in many industries such as cosmetics (e.g. health care and personal care 
formulations), pharmaceuticals (e.g. controlled drug delivery and targeting), medicine and 
dermatological applications, petroleum, chemical (e.g. the polymerization reaction media and 
preparation of latex particles), agrochemicals (e.g. pesticide delivery) and food industries 
(Anton et al., 2007; Maestro el al., 2008 ; Sadurni et al., 2005; Solans, 2005 and Usón et al., 
2004). The ultra-small droplet sizes, high kinetic stability against creaming and 
sedimentation, low viscosity and visual translucency of nano-emulsions make them very 
attractive for many industrial applications such as biomedical aids and vehicles that show 
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great promise in future in drug therapies, foods, oil refinery, biotechnology products, 
polymers, agrochemicals and microelectronics (Anton et al., 2007; Ee et al., 2008; Liew et 
al., 2010 and Tadros et al., 2004). They can also be used as micro-reactors of controlled size 
for the preparation of mono-disperse particles (Esquena, 2003).  
 
According to Gutiérrez et al. (2008), interests in nano-emulsions occurred about forty years 
ago, mainly for nano-particle preparation. It is only in recent years that this subject has seen a 
real explosion in research activity partly due to applications of nano-emulsions in 
pharmaceutical field such as efficient drug delivery (colloidal drug carriers) systems for 
parenteral, oral and ocular or transdermal administration. Nano-emulsions have the capacity 
of solubilizing non polar active compounds and the ability of containing other conventional 
pharmaceutical aids such as stabilizers, preservatives, buffering agents, antioxidants, 
polymers, proteins and charge inducing agents (Amiji & Tiwari, 2007 and Usón et al., 2004). 
In pharmaceutical applications, high energy emulsification methods cannot be used to avoid 
drug degradation (drug could be protein, oligonucleotide or plasmid DNA). In such cases, 
low-energy emulsification methods can be used for drug nano-encapsulation. Intrinsic 
physico-chemical behaviour in the system is used to achieve nanometric-sized emulsion with 
a minimum of energy. The recent interest for aqueous core (i.e. W/O) nano-droplets is due to 
the real medical potentials for hydrophilic drug targeting. The main application of nano-
emulsions is the preparation of nano-particles using a polymerizable monomer as the 
dispersed phase (the so-called mini-emulsion polymerization method) where nano-emulsion 
droplets act as nano-reactors (Solans, 2005). Novel complex polymeric materials as well as 
hybrid organic/inorganic materials such as magnetic polymeric nano-spheres are among the 
new applications developed (Solans, 2005). The nano-emulsions are also easily valued in 
skin care due to their good sensorial properties (rapid penetration, merging textures) and their 
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biophysical properties (especially their hydrating power). The very small size of the droplets 
gives them characteristic properties which are valuable in cosmetics. As nano-emulsions can 
be transparent, they are related to freshness, purity and simplicity and are easily absorbed by 
the skin. They can be sterilized by filtration. They lead to a large variety of products from 
water-like fluids to ringing gels (Sonneville-Aubrun et al., 2004).  
 
In all these applications, the stability of nano-emulsions plays crucial role and therefore 
maintaining the stability of nano-emulsions has become an important focus in many 
investigations. As mentioned above, one of the techniques used to improve the stability of 
nano-emulsions is the addition of salt in the continuous phase for helping in reproducing 
ageing nano-emulsions produced by the PIT method by simple heating followed by cooling 
to original storage temperature. However the addition of salt has been reported by few 
researchers not to have any major influence on the droplet size or the stability. Therefore, the 
role of salt in the formation and stability of nano-emulsions is still not clear and not well 
understood therefore worthy of further investigation.  
 
Based on the above review, the following aims have been developed for this work. The aims 
of this work are:  
 To determine the phase inversion temperature for the formation of O/W nano-emulsion 
systems at various salt concentrations using conductivity measurements. 
 To prepare the nano-emulsions at PIT points and study their stability by measuring their 
drop-size distribution and polydispersity using dynamic light scattering technique. 
 To vary the type of salt and oil for determining the best type that will give the smallest 
droplet size. 
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 To vary the concentration of salts to determine the best concentration that gives the 
smallest droplet size. 
 To investigate the reversibility of O/W and oil/brine nano-emulsion systems and study 
the stability of the reproduced emulsions. 
 
This research will improve the knowledge on the influence of salt on the preparation and 
stability of nano-emulsions and therefore will lead to the determination of optimum 
concentration of salt in emulsions. The outcomes of this study will be useful to industries 
such as cosmetics, pharmaceuticals and foods where many modern products are in the form 
of nano-emulsions. 
   
 
CHAPTER 3 
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3.1 Introduction 
The formulation method for preparing the nano-emulsions in this work was based on a study 
done by Liew et al. (2008). To be able to reproduce the results using their method, the 
materials and their volume ratios used in this work were similar to those used by Liew et al. 
In addition, another oil (n-Decane), other salt types (KCl, anhydrous MgCl2 and hexahydrate 
MgCl2), and wider salt concentration range (0 M to 1.0 M) were used in this study. To 
confirm the droplet size results obtained from DLS and also to visualise the structures of the 
nano-emulsions, cryo-scanning electron microscopy technique was used in this study. 
Additionally, pH, and refractive index (RI) values of the nano-emulsions were also 
investigated. Reversibility studies of nano-emulsions were also carried out. 
 
3.2 Materials 
The materials used to prepare O/W nano-emulsions in this study are listed below. These 
materials were used as received from the suppliers without further modifications. 
 
 n-Dodecane (purity ≥ 99%) supplied by Merck, Australia was used as one of the 
dispersed phases (oil phase). It is also known as dihexyl, bihexyl, adakane 12 or 
duodecane and is a liquid alkane hydrocarbon with the chemical formula 
CH3(CH2)10CH3 (Figure 3.1 (a)) and molecular formula C12H26 (Figure 3.1 (b)). It is 
an oily liquid of the paraffin series. It has 355 isomers. 
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(a) (b)  
Figure 3.1: The chemical (a) and molecular (b) formula of n-Dodecane 
 
 n-Decane (purity ≥ 99%) supplied by Merck, Australia was also used one of the 
dispersed phases (oil phase). It is an alkane hydrocarbon with the chemical formula of 
CH3(CH2)8CH3 (Figure 3.2 (a)) and molecular formula of C10H22 (Figure 3.2 (b)). 
Like other alkanes, it is nonpolar and therefore will not dissolve in water and other 
polar liquids. It has a surface tension of 0.0238 N·m
−1
.  
 
(a) (b)  
   Figure 3.2: The chemical (a) and molecular (b) formula of n-Decane 
 
Physical parameters of the oils used in this study are shown in Table 3.1. 
 
Table 3.1: Physical parameters of n-Dodecane and n-Decane oils 
(Baloch & Hameed, 2005 and Luning Prak et al., 2000)  
 
Oils 
Molecular 
Formula 
Molar 
Mass 
(g/mol) 
Melting 
Point  
(C) 
Boiling 
Point 
(C) 
Density 
(g/cm3) 
Viscosity 
(cP) 
Aqueous 
Solubility 
(mg/L)  
Surface 
Tension 
(mN/m)  
at 20 C 
Interfacial 
Tension 
(mN/m)  
at 22 C 
n-Dodecane C12H26 170.34 -9.6 216.2 
at 20 C 
0.749 
at 25 C 
0.745 
at 18.2 C 
1.51  
at 23.3 C 
1.37 
0.0037 25.35 53.2 
n-Decane C10H22 142.29 -27.9 174.1 
at 20 C 
0.730 
at 25 C 
0.726 
at 18.2 C 
0.91  
at 23.3 C 
0.84 
0.052 23.83 51.8 
 
 Brij 30 (C12E4) was used as the surfactant in this work. It is a non-ionic surfactant 
(technical grade) supplied by Sigma-Aldrich, Australia. Synonyms of Brij 30 are 
polyethylene glycol dodecyl ether and polyoxyethylene (4) lauryl ether. 
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The notation C12E4 as a descriptor of this surfactant is meant to indicate the number of 
carbons in the fatty acid/alcohol chain (C) and the average number of ethylene oxide 
units in the chain (E). The designation C12E4 indicates the structural formula to be 
C12H25(OCH2CH2)4OH with a molecular weight of ~362. The HLB value provided by 
ICI, America for Brij 30 is 9.7. 
 
Brij 30 was used as the surfactant by other researchers to produce O/W nano-
emulsions by the PIT method (Forgiarini et al., 2001; Izquierdo et al., 2002; 
Izquierdo et al., 2004 and Ee et al., 2007). The HLB value of Brij 30 is high, which 
makes it suitable for the production of O/W emulsions. 
 
 Sodium chloride, also known as salt, common salt, table salt or halite, is an ionic 
compound (NaCl) (GR for analysis, purity > 99.5%), and it was supplied by Merck, 
Australia. This is a common electrolyte added in the production of emulsions. 
 
 Potassium chloride (KCl) (GR for analysis, purity > 99.5%) was supplied by Merck, 
Australia. 
 
 Magnesium chloride, MgCl2 - Anhydrous assay argentometric ≥ 98%, was supplied 
by Merck, Australia. Anhydrous magnesium chloride is the principal precursor to 
magnesium metal. MgCl2 - Hexahydrate (Analytical reagent - Univar) was supplied 
by Ajax Finechem Pty Ltd, Australia. Hydrated magnesium chloride is the form 
usually used in the prescription oral magnesium supplements.  
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The difference between anhydrous and hexahydrate MgCl2 is in their water content. The 
hydrated MgCl2 has six water molecules per salt "molecule" which are actually part of the 
crystalline structure of the salt. Often when the hydrated salt is heated, the water is removed, 
(dehydrated) and the crystal disintegrates to a powder of the anhydrous (literally, "without 
water") salt. So, hydrated salt is a crystal salt molecule that contains water within it. Physical 
parameters of the salts used in this study are shown in Table 3.2. 
 
Table 3.2: Physical parameters of sodium chloride, potassium chloride and  
magnesium chloride (anhydrous and hexahydrate) salts (Wikipedia)  
 
Salts 
Molecular 
Formula 
Molar Mass 
(g/mol) 
Solubility in 
water at 20 C 
(g/100 mL) 
Density 
(g/cm3) 
Refractive 
Index  
Sodium 
Chloride 
NaCl 58.44 35.9 2.165 1.5442 
Potassium 
Chloride 
KCl 74.5513 34.4 1.984 1.4902 
Anhydrous 
Magnesium 
Chloride 
MgCl2 95.211 54.3 2.320 1.675 
Hexahydrate 
Magnesium 
Chloride 
MgCl2 203.31 157.0 1.569 1.569 
 
 Ultrapure water obtained from Pall Cascada LS system was used as the aqueous phase 
or to prepare brine in this work. The conductance of water was found to be in the 
range 0.50 to 1.3 μS/cm. However, because the conductance of water would change 
with time, freshly distilled water was used in all experiments. Ultrapure water was 
chosen to reduce the particles and contaminants in the nano-emulsions to the extent 
possible. The Pall Cascada LS-water Ultrapurification System (Figure 3.3 (a)), 
produces 18.2 megohm-cm water for general laboratory. Full spectrum UV photo-
oxidation technology in the system ensures the oxidation of organic contaminants at 
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185 nm and killing of bacteria at 254 nm. The unit automatically calibrates electronic 
circuitry during start-up thereby eliminating the need for calibration modules. 
 
                                   
 
Figure 3.3: (a) Pall cascada LS-water ultrapurification System, (b) Quantumclean for cleaning of glassware 
 
 All glassware were soaked in 2.5% Quantumclean, which is a phosphate free and bio-
degradable solution manufactured and supplied by Rowe Scientific, Australia, for 30 
minutes (Figure 3.3(b)). They were then rinsed with hot water and ultra-pure water 
before being allowed to dry in a hot oven. 
 
3.3 Equipment 
The list of equipment used in the experimental work is given below. All the instruments were 
calibrated prior to their use. 
 Fume hood 
 Scale (with an accuracy of 10-3) 
 100 mL beaker/s   
 Conductivity meter and pH meter 
 Hot plate and magnetic stirrer 
 Temperature probe / Thermometer 
 DLS and  Cryo-SEM  Rheometer and Refractometer 
 Pipettes and pipette tips   Ice bath and water bath 
 Sample containers for both nano-emulsion storage and DLS measurements 
a b 
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3.4 Experimental  
3.4.1 Preparing Molar Solutions 
NaCl, KCl and MgCl2 (both anhydrous and hexahydrate) were used as the electrolytes in this 
study in the concentration range of 0 to 1.0 M. The amounts of salts used in preparing these 
solutions are shown in Table 3.3. Sample calculations to determine the weight of salt are 
shown in Appendix 1. 
 
Table 3.3 The weight (g) of required salts, calculated for preparing 500 mL brine solution 
 
Salt 0.025 M 0.05 M 0.075 M 0.10 M 0.20 M 0.30 M 0.50 M 1.00 M 
NaCl (g) 0.73 1.46 2.19 2.92 5.84 8.77 14.61 29.22 
KCl (g) 0.93 1.86 5.59 3.73 14.91 22.37 18.64 37.28 
MgCl2 (g) 
anhydrous 
2.38 4.76 7.14 9.52 19.04 28.56 47.61 47.61 
MgCl2 (g) 
hexahydrate 
2.54 5.08 7.62 10.17 20.33 30.50 50.83 101.66 
 
3.4.2 Nano-emulsion Systems Used 
Table 3.4 shows the composition of the various nano-emulsions prepared in this study.  
 
Table 3.4: Composition of the nano-emulsion systems produced in this study 
 
Sample 
Number 
Sample Description 
Oil Surfactant Water Salt 
Type (%w/w) Type (%w/w) Type (%w/w) Type (%w/w) 
1 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
2 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
3 n-Dodecane 10.0 Brij 30 4.0 U/P 86.0 - 0 
4 n-Dodecane 10.0 Brij 30 1.0 U/P 89.0 - 0 
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Sample 
Number 
Sample Description 
Oil Surfactant Water Salt 
Type (%w/w) Type (%w/w) Type (%w/w) Type (%w/w) 
5 - - Brij 30 2 drops U/P 20 mL - 0 
6 n-Dodecane 19.2 
Tween 
80 
4.0 U/P 76.8 - 0 
7 n-Dodecane 19.2 Brij 30 7.0 U/P 73.8 - 0 
8 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
9 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.025 
10 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.050 
11 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.075 
12 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.100 
13 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
14 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.025 
15 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.050 
16 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.075 
17 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.100 
18 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
19 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
20 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.100 
21 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.025 
22 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.050 
23 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.100 
24 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
25 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.200 
26 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.300 
27 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 1.000 
28 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.200 
29 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.300 
30 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 1.000 
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Sample 
Number 
Sample Description 
Oil Surfactant Water Salt 
Type (%w/w) Type (%w/w) Type (%w/w) Type (%w/w) 
31 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.025 
32 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
33 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
0.050 
34 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
0.100 
35 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
0.200 
36 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
37 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
1.000 
38 n-Decane 19.2 Brij 30 4.0 U/P 76.8 - 0 
39 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
0.050 
40 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
0.100 
41 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
Hexahydrate 
MgCl2  
0.200 
42 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
1.000 
43 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
hexahydrate 
1.000 
44 n-Decane 19.2 Brij 30 4.0 U/P 76.8 - 0 
45 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.050 
46 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.100 
47 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.200 
48 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 1.000 
49 n-Decane 19.2 Brij 30 4.0 U/P 76.8 - 0 
50 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.050 
51  n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.100 
52  n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.200 
53 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 1.000 
54 n-Decane 19.2 Brij 30 4.0 U/P 76.8 - 0 
55 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.050 
56 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.100 
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Sample 
Number 
Sample Description 
Oil Surfactant Water Salt 
Type (%w/w) Type (%w/w) Type (%w/w) Type (%w/w) 
57 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.300 
58 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.500 
59 n-Decane 19.2 Brij 30 4.0 U/P 76.8 KCl 1.000 
60 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
61 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.050 
62 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.100 
63 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.300 
64 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 0.500 
65 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 KCl 1.000 
66 n-Decane 19.2 Brij 30 4.0 U/P 76.8 - 0 
67 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.050 
68 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.100 
69 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.300 
70 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.500 
71 n-Decane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
1.000 
72 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 - 0 
73 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.050 
74 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.100 
75 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.300 
76 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
0.500 
77 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 
MgCl2 
anhydrous 
1.000 
78 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.050 
79 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.300 
80 n-Decane 19.2 Brij 30 4.0 U/P 76.8 NaCl 1.000 
81 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.050 
82 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 0.300 
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Sample 
Number 
Sample Description 
Oil Surfactant Water Salt 
Type (%w/w) Type (%w/w) Type (%w/w) Type (%w/w) 
83 n-Dodecane 19.2 Brij 30 4.0 U/P 76.8 NaCl 1.000 
 
3.4.3 Statistical Analysis 
Due to limitations on material, equipment and time, not all the experiments were repeated for 
reproducibility. However, ultrapure water system was taken as the control. It means nano-
emulsion using pure water was prepared before preparing nano-emulsions with the other 
materials. If the results for a given pure water system are similar to those obtained for other 
pure water systems, it was assumed that the results for the entire system are reproducible.  
 
3.5 Methods 
Preparation of nano-emulsions was carried out in all runs under a fume hood for safety 
reasons (Figure 3.4). 
 
 
 Figure 3.4: The fume hood used in the preparation of nano-emulsions 
 
Chapter 3 _____________________________________________________ Experimental 
 
 
 
 
 
                                     Page 65 
                                                                                                                                                         
  
3.5.1 Determination of Phase Inversion Temperature (PIT Point) 
Following Kunieda et al. (1996), the phase inversion temperature (PIT point) or the 
hydrophilic-lipophilic balance (HLB) temperature was determined using the electrical 
conductivity method. It is based on the changes in conductivity values with temperature in a 
non-ionic surfactant emulsion system as it changes from aqueous continuous system to oil-
continuous system. For this purpose, a conductivity meter with the capability to measure the 
conductivity of solutions containing about 20 wt% oil was required. A Jenway model 4510 
conductivity meter and glass conductivity probe equipped with a platinised-platinum cell 
constant equal to one (ATC (K = 1)) was used (Figure 3.5).  
  
 
Figure 3.5: Jenway model 4510 conductivity meter and glass conductivity probe  
equipped with a platinised-platinum cell constant equal to one (ATC (K = 1))
 
In most of the experiments, the emulsions were prepared using 19.2 wt% n-Dodecane or n-
Decane as the dispersed phase, 4.0 wt% of Brij 30 surfactant and the balance of water/brine 
(i.e. 76.8 wt%) as shown in Table 3.4. According to Bouchemal et al. (2004) and Tadros et 
al. (2004), nano-emulsions can be prepared using a low surfactant concentration in the range 
of 3% to 10%. The brine used in this work was prepared by dissolving different salt types 
(NaCl, KCl and MgCl2) in ultrapure water. A salt concentration range of 0 to 1.0 M was 
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chosen for each salt type used in this study. In each experiment, 100 g of emulsion was 
prepared at a controlled laboratory temperature of 20 ± 1 °C. First, the oil and surfactant were 
well mixed in a beaker using a magnetic stirrer (Figure 3.6 (a)). Then the balance of 
water/brine was added to the system as suggested by Forgiarini et al. (2001) and stirred for a 
minimum of 10 minutes to ensure thorough emulsification (Figure 3.6 (b)). 
 
        
 
Figure 3.6: Nano-emulsion preparation (All systems were the same in their physical appearances) 
(a) Mixing n-Dodecane oil and Brij 30 surfactant (clear in colour)  
(b) Mixing stage after addition of aqueous phase (white in colour)  
 
The stirrer speed and stirring time were kept constant in all experiments because Aravand & 
Semsarzadeh (2008) reported that the speed of stirring has significant effect on the emulsion 
inversion behaviour, and the size and size distribution of the emulsion particles. The initial 
temperature of the water was kept constant at 15 ± 0.1 °C using a water bath. The mixture 
was then heated gradually on a hot plate while being stirred continuously (Figure 3.6 (b)). 
The conductivity of the liquid mixture was measured during the heating process as a function 
of temperature. Heating was continued until the conductivity values started decreasing 
towards zero. A thermocouple connected to the hot plate was used to control the heating rate 
and also to measure the temperature of the emulsion as shown in Figure 3.8. The conductivity 
a b 
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potential of each system was measured continuously and recorded for each corresponding 
temperature. The HLB temperature was determined as the temperature at which the 
conductivity decreases sharply. This phenomenon corresponds to the phase inversion of 
emulsion from O/W (water is the continuous phase) to W/O emulsion (oil is the continuous 
phase) in a non-ionic surfactant emulsion system (Kunieda et al., 1996). This temperature is 
also defined as the phase inversion temperature or PIT (Figure 3.7) and was determined by 
taking the average of temperatures at the maximum and minimum conductivity values 
(Izquierdo et al., 2002).  
 
 
 
Figure 3.7: A typical conductivity curve for an emulsion system containing Brij 30 as the surfactant,  
experiencing the inversion phase process 
 
 
Experiments selected in random were repeated at least three times to check the repeatability 
of results. The percentage variation of PIT points was found to be less than 1%.  
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3.5.2 Formation of Nano-emulsions Using PIT Method 
Once the PIT of the respective mixture is determined, nano-emulsions using the PIT method 
could be produced. Figure 3.8 shows the set-up used for nano-emulsions preparation. The 
beaker containing oil-surfactant-water/brine was placed on a hot plate/magnetic stirrer with 
the temperature probe and conductivity meter in the solution. While stirring and monitoring 
the temperature, the mixture was gradually heated to a temperature about 4 to 5 
o
C higher 
than the PIT point, which is the temperature with zero-conductivity value. After the mixture 
reaches the target temperature, it was cooled rapidly to 15 ± 1
 o
C (a rapid quench) by placing 
it in an ice bath whilst still being continuously stirred. This rapid quench was required to 
stabilise the emulsions since the nano-emulsions are unstable at PIT. According to Ee et al. 
(2007), the size and size distribution of droplets are strongly dependent on the methods of 
heating/cooling and on the final temperature to which the mixture is cooled down after phase 
inversion. Therefore, the heating and cooling steps were maintained constant in the 
preparation of all samples. Nano-emulsions obtained were then poured into a clear glass 
storage bottle and were designated as day one samples for the purpose of other 
measurements.  
 
 
Figure 3.8: Setting for the nano-emulsions preparation: Heating and cooling stages 
Heating Step Cooling Step 
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3.5.3 Reversibility of the Produced Nano-emulsions 
Ee et al. (2007) reported that nano-emulsions, which have been destabilized after prolonged 
storage at non-optimal temperatures, could be restabilized by returning them to the optimum 
temperatures. According to trial measurements in this work, the PDI of droplets in most of 
the nano-emulsions produced in this study were > 0.2 after three days and started to show 
polydispersity instead of being monodispersed indicating that the nano-emulsion systems 
were no longer stable. Thus, reversibility studies on the mixtures were undertaken in this 
work. It involved two simple steps of cooling and heating. Firstly, the samples were cooled 
from storage temperature of 20 to 10 °C in an ice bath while stirred by a magnetic stirrer. The 
temperature of the samples was then increased to 30 °C using a hot plate followed by a rapid 
quenching to the original storage temperature (i.e. 20 °C). Reversed nano-emulsion systems 
were analysed for their droplet size, drop size distribution, polydispersity index, pH and RI 
similar to the freshly made nano-emulsion systems.    
 
3.5.4 Storage Condition for the Produced Nano-emulsions 
According to Ee et al. (2007), there exists an optimum storage temperature at which the 
nano-emulsions are most stable and they have ultra-small droplet sizes. This optimum 
temperature defined by Ee et al. was about 20 
o
C below the PIT and it is related to the 
surfactant concentration. Any temperature variation from the optimum temperature would 
increase droplet size, polydispersity and instability due to Ostwald ripening. All samples in 
this study were stored at a controlled laboratory temperature of 20 ± 1 °C to prevent the 
effects of temperature variation. 
Chapter 3 _____________________________________________________ Experimental 
 
 
 
 
 
                                     Page 70 
                                                                                                                                                         
  
3.5.5 Determination of the Stability of  Nano-emulsions 
3.5.5.1 Dynamic Light Scattering 
In this study, the DLS technique was used for studying the stability nanoemulsions produced 
using PIT method. Stability of the fresh and reversed nano-emulsions systems was assessed 
by measuring the changes in size and size distribution of droplets in nanoemulsions, and their 
polydispersity using dynamic light scattering (DLS) technique as a function of time over a 
period of 3 days. According to the literature, this technique is the most popular approach 
employed for stability determination. In this study, DLS measurements were made using the 
ALV-5022F FAST correlator and compact goniometer with a 633 nm red laser and a 
scattering angle of 90 (Figure 3.9).  
 
 
 
Figure 3.9: The ALV-5022F FAST correlator and compact goniometer with a 633 nm red laser  
and a scattering angle of 90 with the computer display 
 
Since the nano-emulsions obtained in this study were too opaque, a small amount of diluted 
sample was used in the analysis. A dilution ratio of 1:1000 was used in all the measurements. 
A 5 µL of sample was diluted with its corresponding continuous phase and allowed to stand 
for about 5 minutes so as to attain the thermal equilibrium. Reproducibility of particle size 
measurement was checked by measuring the mean particle size of different samples of the 
same emulsion. The % error in average drop size was determined to be ranging from 1.4 to 
1.7%. All measurements were done at 20 ± 0.1 C. 
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3.5.5.2 Observation 
Nano-emulsions are considered to have lost their stability when they are phase separated and 
one of the techniques to determine the phase separation is simple visual observation.  
 
3.5.5.3 Cryo-Scanning Electron Microscopy 
Cryo-scanning electron microscopy (Cryo-SEM) technique was used in this study to confirm 
the droplet size results obtained from DLS and also to visualise the structures of the nano-
emulsions. In the sample preparation step for Cryo-SEM, a drop of freshly made nano-
emulsion was placed on a sample holder using a pipette. It was then frozen immediately by 
immersing it into nitrogen slush (a mixture of solid and liquid nitrogen made in Gatan Alto 
2100 slushing station - Figure 3.10 (b)). After 1 minute, the stub containing the sample was 
transferred under vacuum into the cryo-SEM sample preparation chamber (Gatan Alto 2100 
cryo-SEM system attached to an FEI Quanta 200 ESEM scanning electron microscope with a 
Tungsten electron source, FEI UK Ltd., Cambridge, UK - Figure 3.10 (a)). The specimen was 
maintained at −140 C. Frozen samples were then fractured using precision rotary knife 
inside the Gatan Alto preparation chamber. The sample was then transferred to the SEM 
where it was imaged while frost was sublimated. The sample was etched in the SEM sample 
chamber for 10 min at –90 C and transferred back to the Gatan Alto preparation chamber 
where it was sputter coated with gold for 2 min at 11 mA to about 10 nm to 15 nm thickness. 
The gold coating made the sample electrically conductive. The sample was then transferred 
back to the SEM chamber kept at −140 C, and SEM images were recorded and examined 
with an accelerating voltage of 30 kV. These steps are shown in Figure 3.11. 
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Figure 3.10: (a) The Gatan Alto 2100 cryo-SEM system attached to an FEI Quanta 200 ESEM scanning 
electron microscope with a Tungsten electron source, FEI UK Ltd, Cambridge, UK,  
(b) Gatan Alto 2100 slushing station 
 
 
    
Figure 3.11: Steps involved in cryo-SEM analysis 
 
3.5.5.4 Refractive Index, pH and Surface Tension Analysis 
Refractive index (RI) and pH of the samples were determined using Leica Mark II Plus Abbe 
Refractometer, Model 10495, Manufactured in Buffalo, New York, U.S.A. (Figure 3.12) and 
HACH
®
 SensION5™ Portable pH Meter (Figure 3.13), respectively.  
Chapter 3 _____________________________________________________ Experimental 
 
 
 
 
 
                                     Page 73 
                                                                                                                                                         
  
According to the surface tension theory, emulsification takes place due to the reduction of 
interfacial tension between two phases. Because surface tension has various effects in 
emulsification, a number of methods can be used for its measurement. The selection of an 
optimal method depends on the nature of the liquid being measured, the conditions under 
which the surface tension is measured, and the stability of the surface that is deformed. 
Surface tension of the nano-emulsions was measured in this work using a Sigma 702 surface 
tension meter with Wilhelmy plate (Figure 3.14). Wilhelmy plate method is a universal 
method especially suited to check surface tension over long time intervals. A vertical plate of 
known perimeter is attached to a balance, and the force due to wetting is measured. 
 
Figure 3.12: Leica Mark II Plus Abbe 
Refractometer, Model 10495, Manufactured in 
Buffalo, New York, U.S.A. 
 
(a)  Placing the sample 
 
 
(b)  Adjustment the shadowline 
in centers on the crosshair 
 
 
(c) Conduct measurements 
 
a 
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Figure 3.13: HACH® SensION5™ Portable pH Meter                 Figure 3.14: Sigma702 Force Tensiometer 
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4.0 Introduction 
Experimental results obtained in this work are analysed and discussed in detail in this 
chapter. There are nine sub-sections in this chapter starting from ‘statistical analysis’ (Section 
4.1) to ‘Comparison of n-Dodecane and n-Decane Nano-emulsion systems’ (Section 4.9).  
 
4.1 Statistical Analysis 
One particular system (i.e. pure water system contains no salt) was chosen as the control 
system in this work. Firstly, the control system was produced and its conductivity values, PIT 
points, droplet mean size, PDI, drop size distribution, pH, RI and surface tension were 
measured. These measurements were used to compare the results from this work to those in 
the literature so as to validate the results in other experiments in this work. While preparing 
nano-emulsions in each run, if the results for the control systems were comparable to those of 
previous ones, the results were assumed to be acceptable for the remaining samples. As a 
consequence, if the results of the control systems were not within the expected range, the 
results for other systems were considered to be not reliable and therefore not taken into 
account for the analysis. 
 
4.2 Conductivity Curves of the Nano-emulsions 
The conductivity changes in emulsions can be used to explain the phase inversion process as 
was done by Anton et al. (2008) and Kunieda et al. (1996). The evolution of the conductivity 
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curves during the temperature cycling process for nano-emulsion systems with ultrapure 
water and various salt solutions is shown in Figures 4.1 to 4.9.  
 
 
 
Figure 4.1: The conductivity curves as a function of temperature for nano-emulsion systems containing:  
19.2 wt% (a) n-Dodecane and (b) n-Decane, 4.0 wt% Brij 30 and 76.8 wt% ultrapure water as the aqueous phase  
 
 
 
 
Figure 4.2: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% n-Dodecane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase with 0.025 M NaCl and KCl 
 
 
 
 
Figure 4.3: The conductivity curves as a function of temperature for nano-emulsion systems containing:  
19.2 wt% (a) n-Dodecane and (b) n-Decane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase 
with 0.05 M NaCl, KCl and MgCl2 (anhydrous and hexahydrate) salts as the electrolytes  
 
 
From the conductivity curves, it can be observed that the phase inversion would occur at 
higher temperatures for n-Dodecane systems compared to n-Decane systems. 
b a 
a b 
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Figure 4.4: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% n-Dodecane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase with 0.075 M NaCl and KCl salts  
 
 
 
Figure 4.5: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% (a) n-Dodecane and (b) n-Decane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase  
with 0.1 M NaCl, KCl and MgCl2 (anhydrous and hexahydrate) salts as the electrolytes  
 
 
 
Figure 4.6: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% (a) n-Dodecane and (b) n-Decane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase  
with 0.2 M NaCl, KCl and hexahydrate MgCl2 salts as the electrolytes  
 
 
 
Figure 4.7: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% (a) n-Dodecane and (b) n-Decane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase  
with 0.3 M NaCl, KCl and anhydrous MgCl2 salts as the electrolytes  
a b 
b a 
a b 
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Figure 4.8: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% n-Dodecane and n-Decane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase  
with 0.5 M KCl and anhydrous MgCl2 salts as the electrolytes  
 
 
 
Figure 4.9: The conductivity curves as a function of temperature for nano-emulsion systems containing  
19.2 wt% (a) n-Dodecane and (b) n-Decane, 4.0 wt% Brij 30 and 76.8 wt% aqueous phase  
with 1.0 M NaCl, KCl and MgCl2 (anhydrous and hexahydrate) salts as the electrolytes  
 
 
Theoretically, the addition of electrolytes makes the aqueous solution more electrically 
conductive due to the free ions present in the solution. Therefore, the initial conductivity 
value of the mixture increases with increasing salt concentration. It is because the 
conductivity potential of salt systems is stronger than that of pure water system due to the 
presence of ions. The ease with which ions move through the solution depends on the total 
charge and the size of the ions. Larger ions offer greater resistance to motion compared to 
smaller ions. 
 
In most of the conductivity results shown above, the nano-emulsion systems with 
hexahydrate MgCl2 exhibit higher initial conductivity values compared to those with KCl. On 
the other hand, the systems with KCl show higher initial conductivity values compared to 
a 
a 
b 
b 
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those with NaCl. However, among all the systems studied, nano-emulsions with anhydrous 
MgCl2 exhibit the highest conductivity values confirming that this salt is the strongest 
electrolytes used in this study. It is not clear at this stage how the phase transition mechanism 
is influenced by the concentration of salt solutions. In the absence of such knowledge, it is 
hard to explain the behaviour of the conductivity curves for various salt concentrations with 
increase in temperature. For systems with 1.0 M salt concentrations, due to the higher salt 
concentration, Brij 30 may behave either like hydrophilic-liked or hydrophobic-liked 
surfactant and form different surfactant-structured transitional zones during the phase 
inversion process (Kunieda et al., 1998).  
 
The conductivity results in Figures 4.1 to 4.9, however, show a clear trend for all systems. 
With increase in temperature, the peak in the conductivity curve decreases, reaches a local 
maximum, and then decreases again towards zero. This trend is the similar to those reported 
in previous studies which have used Brij 30 (C12E4) as the surfactant at the same 
concentration (Anton et al., 2008; Izqueirdo et al., 2002 & 2004; Kunieda et al., 1996 and 
Liew et al., 2010). According to many researchers, the phase inversion will occur at a critical 
salt concentration (Wasan et al., 1988; Kabalnov, 1998; Binks et al., 2000; Salager et al., 
2002; Srivastava et al., 2006). Figure 4.10 shows that O/W emulsions (WI) are produced at 
low salinity/temperature while W/O emulsions (WII) are produced at high 
salinity/temperature. At intermediate salinity/temperature, WIII is formed.  
 
Liew et al. (2010) reported that the changes in the stability of emulsions with increasing 
salinity are similar to changes in the stability with increasing temperature.  The stability starts 
to decrease when emulsions are close to the WIII region where very unstable emulsions or no 
emulsions are produced (Figure 4.10). The intermediate salinity, which leads to the formation 
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of WIII region, can be considered as the region where PIT temperature occurs during the 
phase inversion due to temperature change. The phase inversion process that occurs due to 
the change in salinity is the same as the one that occurs due to the change in temperature 
(Figure 4.10).  
 
Figure 4.10: The stability of an emulsion system as a function of salinity and temperature, where 
log(τ1/2) is the logarithm of macro-emulsion lifetime (Liew et al., 2010) 
 
Dukhin & Sjoblom (1996) reported that the phase inversion caused by an electrolyte is a 
transitional phase inversion (TPI) process, which is the similar to the PIT process. According 
to them, O/W and W/O emulsions are interchangeable either by concentrating (for O/W to 
W/O transition) or diluting (for W/O to O/W transition) the electrolyte solutions. During the 
formation of O/W emulsions, the time required for oil, water and surfactant to contact each 
other and form emulsions is called apparent equilibration time (tAPE) (Salager et al., 2002). 
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When NaCl concentration increases up to the concentration corresponding to the inversion 
point, tAPE decreases. The equilibration time is nearly zero at the optimum salt concentration, 
where the emulsions are in WIII region (Salager et al., 2002). This optimum salt 
concentration is useful for preparing the emulsions within a very short time. 
 
The changes in the conductivity values with increase in temperature may also be explained 
by considering the changes in lamellar liquid crystal phase (LLC) and bi-continuous 
surfactant layer (L3) as was done by Anton et al. (2008) and Kunieda et al. (1996). These 
phase transition zones are visible to bare eyes. For all the systems studied, the conductivity 
value increases slowly initially with increasing temperature and reaches a maximum (1
st
 
maximum) before it decreases to a minimum value. It increases again to reach a local 
maximum (2
nd
 maximum) before decreasing again towards zero. At low temperatures, higher 
conductivity values are observed because water/brine acts as a continuous phase in (O/W) 
system. When the temperature increases, concentrated W/O emulsions are produced from 
dilute O/W emulsions by phase inversion process leading to an increase in the viscosity of 
the system. The sudden drop observed in the conductivity curve with increasing temperature 
is when the aqueous-continuous emulsion system becomes an oil-continuous emulsion 
system. The sudden drop in conductivity can also be due to the formation of the LLC phase 
as it has the ability to block the conducting potential. In this phase, the mixture becomes 
more viscous and appears as opaque white. It contains a sandwich-like structure between 
surfactant, oil and continuous phase due to the surfactant’s dehydration. Addition of 
electrolyte increases the viscosity through the electro-viscous effect (Hunter, 1981). As a 
consequence, the droplets of the emulsion get charged and act as charged capillaries for the 
fluids, which may flow in between two droplets. The flow of fluid produced due to pressure 
gradient faces increased resistance in these charged capillaries, causing an apparent 
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enhancement in viscosity. This phenomenon is known as the electro-viscous effect. It can 
therefore easily be concluded that the changes in the viscosity is due to the electro-viscous 
effect, which first increases and then decreases with zeta potential and droplet size (Hunter, 
1981). The salt added will also decrease the repulsion between the droplets if other 
parameters remain constant (Elimelech & Williams, 1995). During the process of 
emulsification, equilibrium exists between the formation and reunification of the droplets. 
Therefore, the final emulsion is likely to be a result of the equilibrium established at the time 
of investigation of the emulsion (Baloch & Hameed, 2005). 
 
The 2
nd
 peak or 2
nd
 maximum in conductivity curves after the first minimum value can be 
ascribed to the formation of the L3 phase. This phase has a higher conducting potential than 
the LLC phase due to its flexible surfactant bilayer. L3 phase is a less viscous white mixture 
with an opal shine (i.e. pink, purple and bluish shadow) and has an extremely low 
translucency. The local 2
nd
 maximum is due to the coexistence of bi-continuous surfactant 
layer and excess water (Liew et al., 2008). In this region, water droplets experience 
coalescence and excess water gets separated (Kunieda et al., 1996). The low conductivity 
values at higher temperatures can be due to oil acting as a continuous phase in (W/O) 
emulsion. After the second peak, the conductivity drops nearly to zero (2
nd
 min) for all 
systems. PIT temperature was calculated in this work by taking the average values of 
temperatures at the 1
st
 maximum and 2
nd
 minimum on conductivity curves (Izquierdo et al., 
2002) as shown in Figure 4.11.  
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Figure 4.11: A typical conductivity curves as a function of temperature  
for nano-emulsion systems containing Brij 30 surfactant 
 
Based on the discussions above, it can be concluded that all the systems used in this study go 
through the same phase inversion process involving the formation of O/W emulsion followed 
by the formations of lamellar liquid crystal phase and bi-continuous surfactant layer, and then 
W/O emulsion with increase in temperature. It has been shown by Usón et al. (2004) that the 
phase transitions involving lamellar liquid crystalline and bi-continuous phases are the key 
factors in O/W and W/O nano-emulsions formation. From the conductivity curves shown 
above, it is clear that phase inversion would occur at higher temperatures for n-Dodecane 
systems compared to n-Decane systems. It is also obvious that the type of oil used, and the 
type and concentration of the salt used would have a significant effect on the conductivity 
values and therefore on the phase inversion process. In addition, it can be assumed that the 
type and concentration of oil, and the type and concentration of the surfactant would also 
have a significant effect on conductivity values and the phase inversion process. 
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4.3 Phase Inversion Temperatures (PIT Points) of Nano-emulsions 
As mentioned above, PIT points were determined by taking the average of temperatures T1 
and T2 respectively, at the maximum and minimum conductivity values. The PIT point also 
corresponds to the HLB temperature of the emulsion system as suggested by Izquierdo et al. 
(2002). The PIT values of n-Dodecane/Brij 30 nano-emulsion systems containing NaCl and 
KCl salts with a concentration range of 0 - 0.1 M are shown in Figure 4.12. PIT values 
reported by Liew et al (2008) are included in the figure for the purpose of comparison.  
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Figure 4.12: PIT points of nano-emulsion systems containing 19.2 wt% n-Dodecane, 4.0 wt% Brij 30 and  
76.8 wt% of NaCl and KCl salts as the electrolytes in their aqueous phases at 0.0 to 0.1 M ranges 
 
It could be seen that the PIT points for the system with NaCl compared well with the data 
obtained by Liew et al. (2008). It is clear from these results that salt concentration has no 
significant effect on PIT values for systems with both NaCl and KCl in the concentration 
range used (0.0 to 0.1 M). In systems with NaCl, the PIT values remain more or less constant 
with increasing salt concentration. On the other hand, for systems with KCl, the PIT value 
decreases for the system with 0.025 M KCl and then increases to reach a steady value. 
Theoretically, the addition of salt dehydrates the surfactant and makes it more lipophilic. 
Also, electrolytes cause electrostriction of water and increase the internal pressure of the 
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solution. In addition, the interaction between water and non-ionic surfactant is weakened, the 
activity of non-ionic surfactant is increased, the cloud point is depressed, and the HLB of 
non-ionic surfactant is shifted to lipophilic (Sharif et al., 2010). Therefore, the solubility of 
the aqueous phase should decrease with an increase in salt concentration thereby depressing 
the PIT values (Shinoda & Takeda, 1970 and Kunieda et al., 1989). Although the depression 
of PIT point was observed for the system with 0.025 M KCl, it was not observed for system 
with NaCl or systems with other KCl concentrations. It was not clear at this stage why the 
PIT values for systems with NaCl and KCl (0.075 M and 0.1 M solutions) do not decrease 
with increasing salt concentration. Therefore, a wider salt concentration range (i.e. 0.0 - 1.0 
M) was used in this study to investigate its effect on PIT point better. 
 
It could be seen from Figure 4.13 that, in n-Dodecane systems with NaCl solution, the PIT 
values remain more or less constant with increasing salt concentration up to 0.1 M and then 
decrease by about 10 ºC for 1.0 M NaCl solution. On the other hand, the PIT value for the 
system with KCl solution decreases when the concentration of KCl solution is 0.025 M and 
then increases with increasing salt concentration up to 0.1 M, then decreases by about 8ºC for 
the system with 1.0 M KCl solution. Although the decrease of PIT point is observed for the 
system with 0.025 M KCl solution, it is not observed for system with NaCl or systems with 
other KCl solutions with lower salt concentrations (i.e. ≤ 0.1 M). The PIT values for the 
systems with 0.075 and 0.1 M NaCl and KCl solutions do not decrease with increasing salt 
concentration possibly due to this narrow range of salt concentration. However, when the PIT 
values over a wider range of salt concentrations (0.0 M to 1.0 M) are considered, the 
significant effect of salt concentration on PIT becomes very clear.  
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Figure 4.13: PIT points of nano-emulsion systems containing 19.2 wt% n-Dodecane, 4.0 wt% Brij 30 and  
76.8 wt% of NaCl and KCl salts as the electrolytes in their aqueous phases at 0.0 to 1.0 M ranges 
 
PIT values for systems with hexahydrate MgCl2 (a salt with a different electrical charge) and 
n-Decane as the oil phase are shown in Figure 4.14. The PIT points are lower for n-Decane 
systems compared to n-Dodecane systems because phase transition occurs at lower 
temperature for n-Decane systems than for n-Dodecane systems. 
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Figure 4.14: PIT points of nano-emulsion systems containing 19.2 wt% n-Dodecane or n-Decane,  
4.0 wt% Brij 30 and MgCl2 (hexahydrate) salt as the electrolyte in their aqueous phases at 0.0 to 1.0 M ranges 
 
The results show a gradual increase in PIT from 31.5 to 32.1 °C for n-Dodecane systems and 
from 24.4 to 26.2 ºC for n-Decane systems when hexahydrate MgCl2 concentration is 
increased from 0 to 0.05 M. However, the PIT values for n-Dodecane and n-Decane systems 
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decrease to 26.3 and 22.2 °C respectively, when hexahydrate MgCl2 concentration is 
increased from 0.05 to 1.00 M. In 1.0 M salt systems, due to the high concentration of salt, 
Brij 30 may behave both as hydrophilic-liked and hydrophobic-liked surfactant and form two 
different surfactant-structured transitional zones during the phase inversion process (Kunieda 
et al., 1998). In addition, the internal or osmotic pressure could increase with the addition of 
salt thereby depressing the driving force required to achieve the phase inversion which 
consequently could be leading to lower PIT values (Shinoda & Takeda, 1970).  
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Figure 4.15: PIT points of n-Dodecane/Brij 30 and n-Decane/Brij 30 nano-emulsion systems containing 
various types and concentrations of salts as the electrolytes in their aqueous phases 
 
PIT values for the 8 systems investigated in this study are shown in Figure 4.15. The nano-
emulsion systems include those with n-Dodecane/Brij 30 and n-Decane/Brij 30 systems 
containing NaCl, KCl, anhydrous MgCl2 and hexahydrate MgCl2. Among all the systems 
investigated, the PIT points for n-Decane systems are lower than those for n-Dodecane 
systems. In n-Dodecane systems, PIT value for NaCl systems decreases gradually with salt 
concentration from 31.5 to 30.4 ºC up to 0.05 M, then increases gradually to 31.5 ºC for 
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0.075 M and then decreases to 21.6 ºC for 1.0 M. This is the lowest PIT value observed 
among the n-Dodecane systems investigated in this study. The n-Decane systems containing 
NaCl also follow a similar trend with increasing salt concentration. However, the PIT values 
of systems with salt concentration of 0.75 and 1.0 M are 24.6 and 19.5 ºC, respectively. This 
temperature is the second lowest PIT value observed in this work. Systems containing other 
salts in both n-Dodecane and n-Decane systems exhibit a different trend in which PIT 
increases gradually with increasing salt concentration at lower concentrations and then 
decreases gradually at higher concentrations.  
 
n-Decane/1.0 M KCl system has the lowest PIT point of 18.6 °C among all the systems 
studied, even though this system exhibits the largest increase in PIT value with increasing 
salt concentration compared to all the other n-Decane systems. n-Decane/1.0 M NaCl system 
has the second lowest PIT value of 19.5 °C. n-Dodecane/MgCl2 (hexahydrate) has the highest 
PIT value (32.1 °C at 0.05 M) among all the systems used. Systems with anhydrous MgCl2 
have lower PIT values than those with hexahydrate MgCl2 mostly for n-decane oil systems. 
Table 3.2 shows the difference in water content for anhydrous and hexahydrate MgCl2. Using 
the data represented in Figure 5.1,  n-Dodecane and n-Decane systems containing 1.0 M salt 
solution can be ranked as follows in the order of decreasing PIT values: 
 
 n-Dodecane: MgCl2 Hexahydrate > MgCl2 Anhydrous > KCl > NaCl  
 n-Decane: MgCl2 Hexahydrate > MgCl2 Anhydrous > NaCl > KCl  
 
Inspection of these results along with those shown in Table 3.2 suggests that there could be a 
relationship between the PIT values and the molar mass and/or the solubility of the salts in 
water. For example, the PIT value for n-Dodecane systems increases with increasing salt 
molar mass.  Similarly, the PIT value for n-Decane systems increases with increasing salt 
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solubility in water. However, these observations need to be confirmed by carrying out more 
investigations on the chemistry of nano-emulsions. However, it can be assumed for the time 
being that the salt with a lower molar mass will lead to lower PIT value. It is also interesting 
to note that PIT values for the systems with n-Decane, which has lower molar mass than n-
Dodecane, is lower compared to those for n-Dodecane systems.  
 
Experimental results shown in this chapter indicate that electrolytes affect the phase inversion 
process by influencing the PIT temperature. Theoretically, the addition of salt dehydrates the 
surfactant and makes it more lipophilic. Also, electrolytes cause electrostriction of water and 
increase the internal pressure of the solution. Thus, the addition of electrolytes weakens the 
interaction between water and non-ionic surfactant, increases the activity of non-ionic 
surfactant, depresses the cloud point and shifts the HLB of non-ionic surfactant to lipophilic 
side (Sharif et al., 2010). Therefore, the solubility of the surfactant in the aqueous phase 
should decrease with increasing salt concentration thereby depressing the PIT values 
(Shinoda & Takeda, 1970 and Kunieda et al., 1989). In 1.0 M salt systems, due to the high 
concentration of salt, C12E4 may behave both as hydrophilic- and hydrophobic-type surfactant 
forming two surfactant-structured transitional zones during the phase inversion process 
(Kunieda et al., 1998). Furthermore, the addition of salt increases the internal or osmotic 
pressure thereby depressing the driving force required to achieve phase inversion which 
consequently leads to lower PIT values (Shinoda & Takeda, 1970). Some of the PIT 
measurement experiments were repeated to check their repeatability in this work. The 
standard deviation of PIT measurements was found to be 0.1 and 1.2 for n-Decane and n-
Dodecane systems, respectively.  
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4.4 Storage and Appearance of the Nano-emulsions 
All the freshly produced and rejuvenated (regenerated) samples were similar in their 
appearance for both n-Dodecane and n-Decane systems. They were opaque white in 
appearance with opal shadows and extremely low translucency (Figure 4.16 (a)). 
 
 
Figure 4.16: Appearance of nano-emulsions 
(a) Freshly made samples, (b) Aged samples after two weeks 
 
The opaque white appearance of the emulsions occurs as soon as the surfactant C12E4 
contacts water/brine which could be due to the dissolution of the surfactant in water and the 
formation of micelles. Further study is required to determine the critical micelle 
concentration. Ouzo effect can also have some role in the appearance of the opaque white 
appearance of the nano-emulsions. The smallest radius of droplet produced in this study was 
52 nm which is larger compared to those found in the translucent nano-emulsions (about 35 
nm diameter) reported the literature (Fernandez et al., 2004, Shafiq-un-Nabi, Shakeel et al., 
2007, Majumdar 2009). This difference in droplet size could also be one of the reasons for 
the opaque white appearance of the nano-emulsions. According to Porras et al. (2004), higher 
the water concentration, larger the droplets will be in the emulsions. Accordingly, high water 
content used in this work could be one of the reasons for the larger droplet sizes obtained in 
this work.   
a 
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Figure 4.17: Appearance of nano-emulsions (a) freshly made sample (b) aged sample after 3 days 
 
 
Nano-emulsions will lose their stability when phase separation occurs over time, which can 
be determined by visual observation. Figure 4.17 (b) shows the appearance of these nano-
emulsions after 3 days of preparation. Figure 4.18 shows the appearance of nano-emulsions 
with different salt types and concentrations after 9 months of preparation.  
 
 
 
Figure 4.18: Appearance of n-Dodecane nano-emulsion systems with different salt type and concentration 
(a) Freshly made samples, (b) Aged samples after 9 months 
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The storage temperature was also found to play an important role on the stability of nano-
emulsions. If the ambient temperature was greater than 20 ºC, the samples were found to lose 
their opal shine a lot faster compared to samples that were stored at 20 ºC or below. These 
changes in shine and colour can be clearly observed by human eyes. The optimum storage 
temperature for the emulsions prepared in this study was assumed to be about 20 C below 
the PIT point as mentioned by Ee et al. (2007). This temperature ensured stable emulsions 
with ultra-small droplet size and low polydispersity indices. Any departure in temperature 
from this optimum would result in an increase in droplet size, polydispersity and instability 
by Ostwald ripening. Therefore, 20 C was chosen as the storage temperature in this study.  
 
Formerly, Ostwald ripening was considered to be the main mechanism for the instability of 
nano-emulsions with low water content (Fernadez et al., 2004; Izquierdo et al., 2002; Taylor 
and Ottewill, 1994). Creaming could be another reason for the instability. But, considering 
the difference in the densities of the oil and water in nano-emulsions, and due to their ultra-
small droplet sizes, nano-emulsions can be considered to be stable against creaming. Break 
down of nano-emulsions with high water content could be attributed to coalescence (Porras et 
al., 2004). Also, nano-emulsions could be considered to possess non-Newtonian liquid 
behavior with shear-thinning characteristics modeled closely by a power law equation with a 
power law index (n) less than one (Torres et al., 2007). Systems that are weakly flocculated 
are usually shear-thinning (Tadros, 2004). Based on the above considerations, it appears that 
the reasons for the instability of the nano-emulsion systems produced in this work are 
coalescence and flocculation.  
 
 
 
a 
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Figure 4.19: Appearance of the reversed nano-emulsions (a) freshly revered sample on day 1, (b) aged reversed 
sample after 3 days, (c) aged reversed sample after two weeks, (d) aged reversed samples after 470 days 
 
The reversed nano-emulsions were also white opaque with opal shadows similar to those for 
the freshly produced samples on day 1. Phase separation of reversed nano-emulsions was also 
found to begin after 2 weeks of their production (Figure 4.19). 
 
 
 
Figure 4.20: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Dodecane, 4.0 wt % Brij 30 
and the balance of brine with 0.025 to 1.0 M NaCl after 20 months storage at 20 ± 1 C 
 
 
 
 
Figure 4.21: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Dodecane, 4.0 wt % Brij 30 
and the balance of brine with 0.025 to 1.0 M KCl after 5 months storage at 20 ± 1 C 
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Figure 4.22: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Dodecane, 4.0 wt % Brij 30 
and the balance of brine with 0.05 to 1.0 M anhydrous MgCl2 after 5 months storage at 20 ± 1 C 
 
Stability of nano-emulsions stored for various periods of time can be analysed using the 
images shown in Figures 4.21 to 4.28. From Figures 4.20 and 4.21, it is obvious that nano-
emulsions systems with higher NaCl and KCl concentrations have lower stability compared 
to those with lower concentrations of these salts. On the other hand, systems with anhydrous 
and hexahydrate MgCl2 salt exhibit higher stability which is demonstrated by the absence of 
any phase separation even after 15 months of preparation (Figures 4.22 and 4.23). These 
systems exhibit higher stability over a longer term compared to ultrapure water systems. It is 
therefore clear that nano-emulsions with hexahydrate MgCl2 probably lead to limited 
dehydration of the surfactant thereby making the mixture not as lipophilic as the systems with 
other salts, especially at higher salt concentrations. 
 
 
 
Figure 4.23: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Dodecane, 4.0 wt % Brij 30 
and the balance of brine with 0.05 to 1.0 M hexahydrate MgCl2 after 16 months storage at 20 ± 1 C 
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Figure 4.24: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Decane, 4.0 wt % Brij 30 and 
the balance of brine with 0.025 to 1.0 M NaCl after 19 months storage at 20 ± 1 C 
 
 
 
Figure 4.25: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Decane, 4.0 wt % Brij 30 and 
the balance of brine with 0.025 to 1.0 M KCl after 8 months storage at 20 ± 1 C 
 
 
 
Figure 4.26: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Decane, 4.0 wt % Brij 30 and 
the balance of brine with 0.05 to 1.0 M anhydrous MgCl2 after 8 months storage at 20 ± 1 C 
 
 
 
Figure 4.27: Appearance of aged nano-emulsions systems containing 19.2 wt% n-Decane, 4.0 wt % Brij 30 and 
the balance of brine with 0.05 to 1.0 M hexahydrate MgCl2 after 19 months storage at 20 ± 1 C 
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These results confirm that the addition of salt can help in improving the stability of nano-
emulsions in the longer term but the extent of improvement depends on the type and 
concentration of the salt used. 
 
 
Figure 4.28: Appearance of nano-emulsion systems containing 19.2 wt% n-Dodecane, 4.0 wt% Brij 30 
surfactant and 76.8 wt% ultrapure water at different dates from the date of preparation (a) 31 months after 
preparation (b) 22 months after preparation (c) 18 months after preparation (d) 7 months after preparation 
 
Overall, the systems with hexahydrate MgCl2 have the highest stability followed by those 
with anhydrous MgCl2, KCl and NaCl in that order. This trend follows that in molar mass 
values of the salts shown in Table 3.2. Therefore, it can be concluded that the highly stable 
nano-emulsions will be the ones with the salt with the highest molar mass. It could also be 
seen that the nano-emulsion system with 1.0 M NaCl is the only system with three different 
phases after phase separation and therefore is the most unstable, even though the system with 
high KCl concentration has the higher drop size growth rate and PDI.  
 
 
Figure 4.29: Appearance of nano-emulsion systems containing 19.2 wt% n-Decane, 4.0 wt% Brij 30 surfactant 
and 76.8 wt% ultrapure water at different dates from the date of preparation (a) 18 months after preparation (b) 
17 months after preparation (c) 7 months after preparation 
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This observation is opposite of what is observed for nano-emulsions with n-Dodecane. The n-
Decane systems exhibit lower stability than n-Dodecane systems in the longer term. These 
results confirm that the addition of salt can help in improving the stability of nano-emulsions 
in the longer term but it depends on the type and concentration of the salt used plus 
characteristics of other materials in the emulsion. Overall, nano-emulsions with hexahydrate 
MgCl2 possessed the lowest stability followed by the systems with anhydrous MgCl2, KCl 
and NaCl, in the order. This order is exactly opposite to the one observed for the n-Dodecane 
systems. This trend is similar to the increasing trend in molar mass values shown in Table 
3.2. This observation highlights the importance of the characteristics of the oil phase used in 
determining the stability of nano-emulsions. 
 
4.5 Cryo-SEM Analysis of the Nano-emulsions 
It is possible that the dilution of nano-emulsion samples could be affecting the DLS 
measurements used in determining the size distribution of droplets.  To test whether there 
were any noticeable consequences of dilution, two different samples from the same nano-
emulsion were diluted by two different factors and subjected to DLS measurements. The 
DLS results showed that dilution had no significant effect on the droplet size distribution 
measurement. However, in order to confirm this finding further, cryo-SEM technique was 
used to determine the droplet size distribution in a sample without dilution (Figure 4.30). The 
droplets were found to be spherical and mostly uniform in shape and size. The droplet size 
obtained from the cryo-SEM (average diameter of 125 nm) was found to vary  4 - 30 nm 
from the droplet size data obtained from DLS (average diameter of 129 nm) indicating that 
dilution does not affect the droplet size measurement significantly.  
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Figure 4.30: Cryo-SEM of a freshly prepared nano-emulsion system containing 
19.2 wt% n-Dodecane, 4 wt% Brij 30 and the balance of ultrapure water 
 
 
4.6 Formation and Stability of the Oil/Ultrapure water Nano-emulsions 
4.6.1 Droplet size, PDI and Size Distribution  
Figure 4.31 shows the average droplet size (radius) and PDI values for both n-Dodecane and 
n-Decane nano-emulsions prepared using ultrapure water (with no salt). It can be seen that 
the mean radius of the droplets varies from 66 - 73 nm for n-Dodecane system and 65 - 72 
nm for n-Decane system indicating n-Decane system leads to relatively smaller drop sizes for 
the freshly prepared nano-emulsions (day 1 to 3). Similar trends can be observed in drop size 
results for rejuvenated nano-emulsion systems (day 3 to 5) too. The droplet radius for 
rejuvenated n-Dodecane and n-Decane systems varies from 64 - 94 nm and 63 - 86 nm, 
respectively. These results show that nano-emulsions with ultra-pure water would have 
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smaller droplets even after the reversibility test for both n-Dodecane and n-Decane systems. 
It is also clear that the droplet size increases with ageing regardless of whether the system is 
fresh and reversed. But it seems that the extent of growth is greater for reversed systems 
compared to fresh systems. Also, freshly prepared systems are found to have relatively 
greater stability.  This is reflected in the average droplet radius and PDI values of freshly 
prepared systems. The radius and PDI values are 73 nm & 0.032 and 72 nm & 0.046 for n-
Dodecane and n-Decane systems respectively on day 3.  
 
 
 
Figure 4.31: The average droplet size (radius) and PDI of nano-emulsion systems containing  
n-Dodecane/n-Decane, Brij 30 and ultrapure water during 1 to 470 days (~ 15.5 months) of storage at 20 ± 1 C 
 
 
The reversibility test performed on n-Dodecane system after 470 days (about 15 months) led 
to a droplet radius of 66 nm indicating nano-emulsions can be reversed even after a 
significantly long storage period. These results together with the white opaque with the opal 
shadow appearance of reversed systems confirm that these systems are reversible even after a 
long period. However further studies are required to determine whether there is a limitation 
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on the number of times the reversibility test can be done and whether the growth rate will 
remain the same after each reversal.  
 
The effect of double reversibility was studied just on n-Decane system. In this case, the nano-
emulsion was subjected to the first and second reversals after 3 and 6 days, respectively. The 
growth rate, droplet size, and PDI were measured for up to 9 days.  As expected, the growth 
rate for double-reversed system was greater than those found in the fresh and single-reversed 
systems. The average droplet radius and PDI values after 9 days were found to be 112 nm 
and 0.486, respectively which are much higher than those observed in the fresh and single-
reversed systems. These results confirm that reversibility test is efficient on both new and 
aged systems. 
 
PDI values for both n-Dodecane and n-Decane systems are lower than 0.2 for up to 5 days 
after preparation indicating that these systems are relatively stable with ageing. Beyond 5 
days, PDI values for both n-Dodecane and n-Decane systems increase.  While PDI value for 
n-Dodecane  system continue to increase, the one n-Decane system starts decreasing after 9 
days of ageing (after double reversal). 
 
Results obtained in this work show that the nano-emulsion systems prepared with n-Decane 
oil contain smaller droplets, which agrees with the results reported by Baloch and Hameed, 
(2005) from their study using ultrasound for nano-emulsion preparation. This trend in drop 
size values for n-Dodecane and n-Decane systems can be explained considering the surface 
tension, density and viscosity values of these two oils (Table 3.2). Since n-Decane has a 
lower surface tension than n-Dodecane, it probably requires lower shear forces for 
Chapter 4 _______________________________________________Results & Discussions 
 
 
 
 
 
                                       
                                                                                                                                                        Page 101  
emulsification and therefore n-Decane leads to smaller droplets for a given shear force 
(Baloch & Hameed, 2005). 
 
Emulsification involves dispersing one liquid into another immiscible liquid via the creation 
of an interface (Leal-Calderon et al., 2007). Properties of emulsions such as stability and 
rheological properties and their industrial uses are governed not only by variables such as 
temperature and composition but also by the droplet size distribution (Leal-Calderon et al., 
2007). The highest level of control in preparing nano-emulsions involves producing 
monodispersed nano-emulsion, which has a narrow droplet size distribution with an 
adjustable mean size (Leal-Calderon et al., 2007). It is well known for any nano-emulsion 
that decay time (or ageing) and droplet size have an inverse relationship. As ageing period 
increases, average drop size increases too. The droplet size distribution of emulsions governs 
its properties such as long-term stability, texture and optical appearance (Fernandez et al., 
2004). Data obtained from DLS technique can be used to obtain plots of drop size 
distribution and analyse its variation with ageing. The droplet size distributions for n-
Dodecane and n-Decane ultrapure water systems are shown in Figures 4.32 (a) and (b), 
respectively. The drop size distribution for n-Dodecane/ultrapure water system exhibits 
mostly monomodal distribution on day 1 and after the reversal test on day 470. On the other 
hand, drop size distribution for n-Decane/ultrapure water system after Day 9 shows clearly 
that it has polydispersity. After double reversal of this system, the drop size distribution 
changes to bi-modal distribution with 2 peaks. The reasons for these changes in the 
distribution are unclear and require further study, especially if size distributions are to be 
used for determining the stability of systems. 
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Figure 4.32 (a): Particle size distribution for prepared 
emulsions containing 19.2 wt% n-Dodecane,  
4 wt% Brij 30 and 78 wt% ultrapure water 
 
Figure 4.32 (b): Particle size distribution for 
prepared emulsions containing 19.2 wt% n-Decane, 
4 wt% Brij 30 and 78 wt% ultrapure water
 
4.6.2 Refractive Index, pH and Surface Tension Analysis 
The refractive index (RI) is a measure of the speed of light through a sample. It is given as a 
ratio of the speed of light in a vacuum and the speed of light through the sample. The mean 
values for RI were found to be in the range of 1.35 - 1.36 for both n-Dodecane and n-Decane 
systems with ultrapure water at 20.0 ± 0.1 C (Figure 4.33). These values were close to the 
RI of water (1.33) because these nano-emulsions were of O/W type. The results in Figure 
4.43 show that both ageing and reversal have very small effects on RI values.  
 
Figure 4.33 also shows the pH of both n-Dodecane and n-Decane systems with ultrapure 
water at 20.0 ± 0.1 C.  It varies from 4.38 to 5.49 for n-Dodecane system and 4.40 to 5.51 
for n-Decane system within the 5 days of preparation. For both systems, pH has a value of 
5.61 after 9 days of preparation. These values are close to the pH of ultrapure water since 
these nano-emulsions were of O/W type. The results show that, in general, pH of these nano-
emulsions increase with ageing. Based on this, one could presume that ageing would cause an 
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increase in the pH of these systems and therefore pH could be used to verify and identify the 
stability of nano-emulsion systems. 
 
 
 
Figure 4.33: Comparison on Refractive Index (RI) and pH of nano-emulsions containing 19.2 wt% n-Dodecane 
or n-Decane, 4 wt% Brij 30 and the balance of ultrapure during 5 to 9 days of storage at 20 ± 1 C 
 
The surface tension measured was 29.4 mN/m for the fresh n-Decane/ultrapure water system 
and 28.85 mN/m for the system reversed at day 3 after preparation. These results agree with 
the droplet size results which showed the average drop size of reversed system is lower than 
that of fresh system. 
 
4.7 Formation and Stability of the n-Dodecane/Brine Nano-emulsions 
4.7.1 Droplet size and PDI  
As mentioned earlier, stability of nano-emulsions can be increased by adding electrolytes in 
to the continuous aqueous phase. Figures 4.34 to 4.37 show the average droplet size (radius) 
and PDI values for n-Dodecane nano-emulsion systems containing four salt types (NaCl. 
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KCl, anhydrous MgCl2 and hexahydrate MgCl2). These plots show the data for various 
concentrations of these salts. They also include data for freshly-prepared and reversed nano-
emulsions systems. The reversed systems include those that were achieved after 3 and 470 
days of original preparation. 
 
Baloch and Hameed (2005) reported that droplet size would increase with increasing salt 
concentration at low surfactant concentration. But in this study, the mean droplet size was 
found to decrease with increasing salt concentration up to 0.1 M and then increases for salt 
concentrations  > 0.2 M for all the systems studied. This trend is found both in fresh and 
single-reversed systems. The smaller droplets found in nano-emulsions with lower salt 
concentration can be due to the lower interfacial tension of the liquid phase (Taylor & 
Ottewill, 1994). Ideally, the salt concentration should not be greater than 0.1 M because the 
hydrophilic C12E4 surfactant would get dehydrated at higher salt concentration and become 
more lypophilic thereby hindering the production of stable O/W nano-emulsions. As 
mentioned in Chapter 2, the PIT temperature is highly dependent on the HLB number of the 
surfactant (type of non-ionic surfactant). As shown in Table 2.1, the HLB number that is 
required to produce a stable O/W nano-emulsion system is 8 - 18 (Brooks et al., 1998). This 
finding has been found to be valid in the current study as the growth rate of both droplet size 
and PDI are higher in systems with higher salt concentration within the 3 days preparation. 
Based on this finding, it can be concluded that it is worthwhile to study the stability of nano-
emulsion systems prepared using a non-ionic hydrophilic surfactant with a HLB number 
greater than that of Brij 30 (i.e 9.7) because it will give some room for the HLB value to 
decrease (but not < 8).  
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Figure 4.34 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Dodecane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.025 to 1.0 M NaCl during 5 days of storage at 20 ± 1 C  
and double reverse at 470th day after preparation 
 
 
0
.1
6
7
0
.0
9
9
0
.0
3
9
0
.0
5
4
0
.0
6
0
0
.0
2
6
0
.0
7
3
0
.1
9
7
0
.1
6
3
0
.1
5
4
0
.1
4
8
0
.1
9
8
0
.1
7
3
0
.0
7
1
0
.4
3
0
0
.4
1
10
.4
5
8
0
.3
2
9
0
.3
8
6
0
.2
8
6
0
.1
9
7
0
.1
5
8
0
.1
4
7
0
.1
3
9
0
.1
2
8
0
.1
0
4
0
.0
7
9
0
.0
8
7
0
.1
8
9
0
.1
7
5
0
.1
6
9
0
.1
5
5
0
.1
3
4
0
.0
8
9
0
.1
0
2
0
.4
9
3
0
.4
4
4
0
.4
2
1
0
.3
8
1
0
.2
4
6
0
.2
2
9
0
.2
0
3
0
.0
8
2
0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.025 0.050 0.075 0.100 0.200 0.300 1.000
NaCl (M)
P
D
I
Day 1 - Fresh
Day 2 - Fresh
Day 3 - Fresh
Day 1 - Reverse
Day 2 - Reverse
Day 3 - Reverse
Day 470 - Double Reverse
 
 
Figure 4.34 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Dodecane, 4.0 wt% Brij 30 and 
76.8 wt% brine with 0.025 to 1.0 M NaCl during 5 days of storage at 20 ± 1 C  
and double reverse at 470th day after preparation 
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Figure 4.35 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Dodecane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.025 to 1.0 M KCl during 5 days of storage at 20 ± 1 C 
and double reverse at 470th day after preparation 
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Figure 4.35 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Dodecane, 4.0 wt% Brij 30 and 
76.8 wt% brine with 0.025 to 1.0 M KCl during 5 days of storage at 20 ± 1 C 
and double reverse at 470th day after preparation 
 
 
Chapter 4 _______________________________________________Results & Discussions 
 
 
 
 
 
                                       
                                                                                                                                                        Page 107 
5
9
5
5
7
5
6
0
1
0
8 1
1
9
2
3
8
1
4
0
8
5
1
1
9
1
8
0
4
9
6
5 7
3 9
0
7
2
7
6
1
4
3
2
0
2
4
6
3
0
50
100
150
200
250
300
350
400
450
500
0.050 0.100 0.300 0.500 1.000
Anhydrous MgCl2 (M)
A
v
e
ra
g
e
 r
a
d
iu
s
 d
ro
p
le
t 
s
iz
e
 (
n
m
)
Day 1 - Fresh
Day 3 - Fresh
Day 3 - Reverse
Day 5 - Reverse
 
 
Figure 4.36 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Dodecane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.05 to 1.0 M anhydrous MgCl2  
during 5 days of storage at 20 ± 1 C 
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Figure 4.36 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Dodecane, 4.0 wt% Brij 30 and  
76.8 wt% brine with 0.05 to 1.0 M anhydrous MgCl2 during 5 days of storage at 20 ± 1 C 
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Figure 4.37 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Dodecane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.05 to 1.0 M hexahydrate MgCl2  
during 5 days of storage at 20 ± 1 C 
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Figure 4.37 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Dodecane, 4.0 wt% Brij 30 and 
76.8 wt% brine with 0.05 to 1.0 M hexahydrate MgCl2 during 5 days of storage at 20 ± 1 C 
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It can also be concluded that a more stable O/W nano-emulsion system can be produced 
using an optimum salt concentration, even though a higher salt concentration may help in 
lowering the PIT value of the system. Also it is worthwhile to investigate which HLB number 
will give an optimum stability for nano-emulsions. Porras (2004) has mentioned that certain 
mixtures of surfactants can provide better performance than a single surfactant. This is also a 
potential topic for future investigation. Although the HLB number is associated to a 
particular surfactant, the real HLB number of an emulsion system depends on other additives 
such as salt, alcohol and the type of oil used. The relationship between PIT values and the 
electrolyte concentration was studied by Shinoda & Saito (1969) using a NaCl concentration 
of up to 6 wt% in an emulsion system with non-ionic surfactant. They have found that the 
decrease in HLB number for the system was 1.2 and its PIT value was 14 °C. They have 
attributed these phenomena mainly to the increase in the internal pressure of solution, which 
leads to the weakening of the interaction between water and the surfactant.  
 
For the freshly prepared n-Dodecane/brine emulsions, the droplet mean radius values (PDI 
values are in brackets) were found to vary from 57 - 103 nm (0.026 - 0.167) for NaCl 
systems, 54 - 107 nm (0.033 - 0.243) for KCl systems, 59 - 119 nm (0.120 - 0.315) for 
anhydrous MgCl2 systems, and 92 - 120 nm (0.089 - 0.215) for hexahydrate MgCl2 systems.  
The salts used in this work can be ranked on the basis of their solubility in water as follows:  
 
KCl < NaCl < anhydrous MgCl2 < hexahydrate MgCl2 
 
 
(which means that KCl is the least soluble and hexahydrate MgCl2 is the most soluble in 
water). The nano-emulsion systems can be ranked on the basis of drop sizes obtained on 
various days after preparation as follows: 
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Fresh samples on day 1:  KCl < NaCl < anhydrous MgCl2 < hexahydrate MgCl2 
Fresh samples on day 2:  KCl < NaCl < hexahydrate MgCl2 
Fresh samples on day 3:  KCl < NaCl < anhydrous MgCl2 < hexahydrate MgCl2 
Reversed samples on day 3:  KCl < NaCl < anhydrous MgCl2 < hexahydrate MgCl2 
Reversed samples on day 4:  KCl < NaCl < hexahydrate MgCl2 
Reversed samples on day 5:  KCl < NaCl < anhydrous MgCl2 < hexahydrate MgCl2 
 
(Example: For Fresh samples on day 1, nano-emulsion with KCl has the smallest droplets 
and nano-emulsion hexahydrate MgCl2 has the largest droplets). It can be seen that drop sizes 
in systems with KCl are the smallest and those in systems with hexahydrate MgCl2 are the 
largest in all cases. Similar ranking, however, could not be obtained for PDI values.  
 
Amongst the systems studied, those with 0.1 M salt solution were found to have the smallest 
droplets on day 1, in general. For emulsion systems with n-Dodecane/brine solution with 0.1 
M salt concentration, the smallest droplet sizes on day 1 were found to be 57 nm (PDI = 
0.054) for NaCl, 47 nm (PDI = 0.042) for KCl, 63 nm (PDI = 0.144) for anhydrous MgCl2 
and 85 nm (PDI = 0.054) for hexahydrate MgCl2. For systems with 0.025 and 0.075 M salt 
concentrations, samples on day 1 and day 3 after single reversal had the smaller droplet size 
of 65 nm (PDI = 0.073) and 62 nm (PDI = 0.060) for NaCl solution, and 65 nm (PDI = 
0.126) and 56 nm (PDI = 0.033) for KCl solution, respectively. For systems with 0.05 M salt 
concentration, KCl led to the smallest droplet size of 57 nm (PDI = 0.061) on day 1 whereas 
NaCl system led to the smallest droplet size of 62 nm (PDI = 0.026). For the systems with 
anhydrous MgCl2, the smallest droplet size was 70 nm (PDI = 0.188) on day 1 and for the 
system with hexahydrate MgCl2 the smallest droplet size was 90 nm (PDI = 0.082) on day 3 
after single reversal. For systems with 0.2 M salt concentration, the smallest droplet sizes 
were 61 nm (PDI = 0.139) for NaCl system, 52 nm (PDI = 0.042) for KCl system and 89 nm 
(PDI = 0.034) for hexahydrate MgCl2 system on day 3 after single reversal. For systems with 
0.3 M salt concentration, the samples on day 3 after single reversal exhibited the smallest 
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droplet size for all the systems studied i.e. 58 nm (PDI = 0.147) for NaCl system, 53 nm (PDI 
= 0.034) for KCl system, and 65 nm (PDI = 0.272) for anhydrous MgCl2 system. For systems 
with 0.5 M salt concentration, similar trends were observed in droplet sizes, i.e. 65 nm (PDI 
= 0.112) for KCl system and 73 nm (PDI = 0.102) for anhydrous MgCl2 system on day 3 
after single reversal. For systems with 1.0 M salt concentration also, similar pattern was 
found. They have the smallest droplet size on day 3 after single reversal, i.e. 94 nm (PDI = 
0.158), 74 nm (PDI = 0.194), 90 nm (PDI = 0.508), 97 nm (PDI = 0.102) for systems with 
NaCl, KCl, anhydrous MgCl2 and hexahydrate MgCl2, respectively.  
 
Baloch and Hameed (2005) also showed in their investigation using ultra-sonification that the 
number of droplets decreases while their mean size increases with increasing salt 
concentration. They mentioned that the addition of electrolytes encourages coalescence and 
enhances the instability in the system. However, it is clear from the present work that the 
mean droplet size in fresh samples on day 1 decreases with increasing salt concentration for 
most salts up to 0.1 M and then starts to increase indicating the presence of an optimum salt 
concentration for each system. It is also clear that the droplet size for all systems increases 
with ageing. The droplet size growth rate, however, seems to be greater in the first 2 days 
compared to last 2 days for both fresh and reversed systems. The faster droplet growth rate 
demonstrates that these systems become more unstable with ageing. Also higher the salt 
concentration used, higher the droplet growth rate was. The smallest droplet sizes obtained 
for 0.1 M salt solutions indicate that it could be the optimum salt concentration at which the 
emulsions are the most stable (Binks et al., 2000). It is also clear that the optimum salt 
concentration for KCl system is 0.1 M. However, further investigations are required to 
determine the optimum salt concentration for the other salt systems used in this study. 
Among the systems studied, the ones with 0.1 M NaCl, 0.1 M KCl, 0.1 M anhydrous MgCl2 
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and 0.05M hexahydrate MgCl2 solutions have the smallest droplet sizes (r = 57 nm and PDI = 
0.054, r = 54 nm and PDI = 0.058, r = 68 nm and PDI = 0.120, r = 92 nm and PDI = 0.089, 
respectively) on day 1 of fresh samples.  
 
Theoretically, the addition of salt dehydrates the surfactant and makes it more lipophilic as 
mentioned earlier. Also, the electrolytes cause electrostriction of water and increase the 
internal pressure of the solution. Thus, on addition of electrolytes, the interaction between 
water and non-ionic surfactant is weakened, the activity of non-ionic surfactant is increased, 
the cloud point is depressed, and the HLB of non-ionic surfactant is made more lipophilic 
(Sharif et al., 2010). Therefore, the solubility of the surfactant in the aqueous phase should 
decrease with increase in salt concentration thereby depressing the PIT values (Shinoda & 
Takeda, 1970 and Kunieda et al., 1989).  
 
Emulsions with non-ionic surfactant are achieved mainly via steric stabilization where the 
droplets in the emulsion are coated with an absorbed layer of substances, which prevent the 
droplets contacting each other. An electrostatic mechanism can stabilise the emulsions by 
providing either positive or negative electrical charge to all the droplets so that they will repel 
each other (Hunter, 2001 and Morais et al., 2006). In an electrolyte solution, the distribution 
of the ions around the charged droplets is not uniform. The arrangement of the electrical 
charge on droplets, associated with the charge balance in the solution, is called the electrical 
double layer. This layer is made up of two parts: the inner region or Stern layer and the outer 
region or diffuse layer. Stern layer is where the ions are strongly bonded (counterions) while 
diffuse layer is where the ions are distributed broadly (coions). The interaction between 
charged droplets is mainly governed by the overlap of diffuse layers and thus the potential 
between droplets depends on the boundary of the Stern and diffuse layers, rather than the 
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potential at the droplet surface. Therefore, there are two forces acting between droplets: 1) 
repulsive (positive) force from the double layer and 2) attractive (negative) force from Van 
der Waals potential (Dukhin & Sjoblom, 1996 and Morais et al., 2006).  
 
As the surface potential cannot be directly determined, the electrostatic interaction between 
the droplets is determined by zeta potential. Zeta potential is a difference in potential between 
a point situated at a sufficiently large distance from the droplet surface and a point situated on 
the surface of the shear, i.e., the plane in which the relative movement of the phases occurs 
(Morais et al., 2006). Stable emulsions are expected to have positive zeta potential 
(repulsive) and are more stable when zeta potential is large. When the electrolyte 
concentration increases, the ionic strength of continuous phase increases, the electrical 
double layer gets compressed (its thickness decreases), and thus the repulsion force between 
droplets decreases (Baloch & Hameed, 2005; Morais et al., 2006). If the repulsive force is 
compared to the London-van der Waals force (attractive), the net force is more attractive 
when high electrolyte concentrations are used. Therefore, the instability of emulsions will 
occur by flocculation under these conditions. However, some researchers have shown that 
flocculated colloids can be redispersed by washing away the electrolyte. It clearly indicates 
that the aggregation is caused by the hydrated ions and not by the primary forces such as van 
del Waals force in a solution with high electrolyte concentration (Dukhin & Sjoblom, 1996). 
Furthermore, the change in zeta potential with salt concentration is less obvious in a non-
ionic surfactant system than in an ionic surfactant system (Binks et al., 2000; Morais et al., 
2006). In a non-ionic surfactant emulsion system, H
+
 and OH
-
 ions are more easily adsorbed 
on the O/W interface and block the bonding between droplet interface and additives (Na
+
 and 
Cl
-
). On the other hand, it has been suggested by Morais et al. (2006) that the instability of 
nano-emulsions will exist only in a very narrow electrolyte concentration. The increase or 
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decrease in zeta potential in an emulsion system with an electrolyte and a non-ionic 
surfactant is not always related to the stability or droplet size especially when steric 
mechanism (by non-ionic surfactant monolayer) is dominant (Morais et al., 2006). The 
droplet size of emulsions depends mainly on the type and concentration of oil, type of 
surfactant (ionic or non-ionic), surfactant concentration, type of electrolyte and electrolyte 
concentration. In emulsion systems, the droplet size can be increased (Baloch & Hameed, 
2005 and Binks et al., 2006) or decreased (Binks et al., 2000 and Binks et al., 2006) by 
varying the salt concentration. Other factors such as the water ratio could also affect the 
nano-emulsion’s droplet size. Higher the water concentration, larger the droplets are usually 
(Porras et al., 2004).  
 
4.7.2 Reversibility of the Nano-emulsions 
The effects of reversibility test were studied by re-measuring the droplet size, PDI and size 
distribution of droplets in reversed samples. As shown in Figures 4.38 to 4.41 and Figures 
4.49 to 4.52, at lower salt concentrations, the droplet size increases slightly in samples on day 
3 after single reversal. However these values are smaller than those for fresh samples on day 
3. The droplet size for nano-emulsion systems on day 3 after single reversal appears to be 
smaller than that for the fresh samples on day 1 for systems with salt concentration of 0.1 M 
and higher. This could be due to the fact that 0.1 M is the optimum salt concentration for n-
Dodecane/NaCl and n-Dodecane/KCl systems.  
 
The DLS results showed that reversed nano-emulsions have smaller droplets especially for 
systems with salt concentrations above 0.1 M. But it appears that the reversed systems have 
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faster droplet size growth rate in all the systems studied. Therefore, it could be concluded that 
salt assists the reversibility process by affecting the droplet size of the nano-emulsion 
systems especially at lower salt concentrations. Two n-Dodecane/brine systems (i.e. systems 
with 0.05 M NaCl and 1.0 M KCl) were reversed 470 days after the original preparation. This 
is to test the effects of double reversibility on these systems and investigate whether the 
double reversal will work on old nano-emulsion systems. Both tests showed that it is possible 
to reduce the droplet size by emulsion reversals. On day 470, however, it was not possible to 
measure the droplet size, PDI and size distribution before reversal because the liquids in the 
emulsions were totally separated. However, the newly rejuvenated system was white opaque 
with opal shadows indicating reversibility is possible even after such a long period. The 
visual observation of the emulsion stability for samples double reversed after 470 days were 
confirmed by the DLS results obtained for these samples. The droplet size and PDI for 0.05 
M NaCl were found to be 84 nm and 0.082, respectively. These values were larger than those 
for the samples on day 3 after single reversal in which droplet size and PDI were 69 nm and 
0.079, respectively.  They were also larger than the droplet size of 62 nm and PDI of 0.026 
for the samples on day 1. For double reversed system with 1.0 M KCl on day 470, the droplet 
size and PDI value were 70 nm and 0.149, respectively, which were smaller than those for 
samples on day 3 after single-reversal (r = 74 nm, PDI = 0.194) but were higher than those 
for samples on day 1 fresh (r =107 nm, PDI = 0.243). Therefore it is possible to conclude that 
the systems that have larger droplet sizes and PDI values after the first reversibility test can 
have similar results after the second reversal too. Similarly, the systems that have smaller 
droplet sizes and PDI values after the first reversibility test can have similar results after the 
second reversal too.  
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As Figures 4.34 (b) to 4.37 (b) illustrate, PDI values for systems with 0.025, 0.05, 0.075 and 
0.1 M KCl, 0.05 M anhydrous MgCl2, 0.05 and 0.1 M hexahydrate MgCl2 solutions remain 
under 0.2 indicating these systems are relatively stable with ageing within the 5 days study 
period, before and after the reversibility test. The lower PDI values for the systems 
containing low concentration KCl solutions indicate that they lead to relatively stable 
emulsions after 3 days compared to systems with other salts. Also, this study shows that 
systems with KCl demonstrate lower droplet growth rate and higher stability compared to 
systems with other salts at lower concentrations (i.e. ≤ 0.1 M) within the study period of 3 
days. Overall, the 3 days of ageing leads to decrease in the PDI values for systems with lower 
KCl concentrations (0.025 to 0.075 M) and 0.05 M anhydrous MgCl2, but not for those with 
higher KCl (0.1 to 1.0 M), NaCl and hexahydrate MgCl2 systems. These results were 
confirmed by the quick phase separation observed for all NaCl, and 0.2 M and 1.0 M 
hexahydrate MgCl2 systems after 3 days. But this was not noticeable for systems with 0.025, 
0.05, 0.075 and 0.1 M KCl, 0.05 M anhydrous MgCl2, 0.05 and 0.1 M hexahydrate MgCl2.  
 
The nano-emulsions which have relatively higher PDI values include all fresh and reversed 
NaCl systems, reversed 0.025 M KCl system, fresh 0.05 and 0.075 M KCl systems on days 1 
and 2, fresh and reversed 0.1, 0.2, 0.3 and 1.0 M KCl systems, 0.05 M reversed anhydrous 
MgCl2, 0.3 M fresh anhydrous MgCl2, 0.1, 0.5 and 1.0 M fresh and reversed anhydrous 
MgCl2, and all fresh and reversed hexahydrate MgCl2 systems.  
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4.7.3 Size Distribution 
The size distributions of the droplet radius for freshly prepared (Day 1 and 3 - fresh) and 
reversed emulsions (Day 3 and 5 - reversed) are shown in Figure 4.38 for n-Dodecane/NaCl 
systems. The effect of the salts on the droplet size distribution can be observed in Figure 4.39 
for all the freshly prepared systems with 1.0 M salt solution. From Figure 4.38, it could be 
observed that there is no big difference between the droplet size distribution curves obtained 
with different salts except that of NaCl system for which the droplet size distribution curve is 
slightly narrower than those for the others.  
 
The differences between the drop size distributions for the systems with 1.0 M salt solutions 
and those with other salt concentrations are obvious. Hence, it can be concluded that 
increasing the salt concentration would also increase the width of the droplet size distribution 
curve. The droplet size distribution curves for freshly prepared nano-emulsion systems on 
day 1 are shown in Figures 4.40 (a) - (c) for NaCl, KCl and hexahydrate MgCl2 systems at 
various salt concentrations. The size distributions of the droplet radius for the reversed 
hexahydrate MgCl2 nano-emulsion system on day 3 is also shown in Figure 4.40 (d) for 
various salt concentrations.  
 
 
Chapter 4 _______________________________________________Results & Discussions 
 
 
 
 
 
                                       
                                                                                                                                                        Page 118 
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.00 10.00 100.00 1000.00 10000.00
Radius (nm) (Log Scale)
V
o
lu
m
e
 (
%
)
0.100 M NaCl - Fresh Day 1
0.100 M NaCl - Fresh Day 3
0.100 M NaCl - Reverse Day 3
0.100 M NaCl - Reverse Day 5
 
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.00 10.00 100.00 1000.00 10000.00
Radius (nm) (Log Scale)
V
o
lu
m
e
 (
%
)
1.000 M NaCl - Day 1 Fresh
1.000 M KCl - Day 1 Fresh
1.000 M anhydrous MgCl2 -
Day 1 Fresh
1.000 M Hexahydrate MgCl2 -
Day 1 Fresh
 
Figure 4.38: Particle size distribution for fresh  
(Day 1 and 3 - Fresh) and reversed  
(Day 3 and 5 - Reversed) emulsion systems with 
19.2 wt% n-Dodecane, 4.0 wt% C12E4 and the 
balance of brine containing 0.1 M NaCl 
 
 
 
Figure 4.39: Particle size distribution for the freshly 
prepared (Day 1 - Fresh) emulsion systems  
with 19.2 wt% n-Dodecane, 4.0 wt% C12E4 and the 
balance of brine containing  
1.0 M NaCl or KCl or  
anhydrous MgCl2 or hexahydrate MgCl2 
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Figure 4.40 (a): Particle size distribution for freshly 
prepared nano-emulsions (Day 1)  
with 19.2 wt% n-Dodecane and 4 wt% C12E4 
containing 0 to 1.0 M NaCl 
 
 
 
 
Figure 4.40 (b): Particle size distribution for freshly 
prepared nano-emulsions (Day 1)  
with 19.2 wt% n-Dodecane and 4 wt% C12E4 
containing 0 to 1.0 M KCl 
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Figure 4.40 (c): Particle size distribution for freshly 
(Day 1) prepared emulsions  
with 19.2 wt% n-Dodecane and 4 wt% Brij 30 
containing 0 to 1.0 M anhydrous MgCl2 
 
Figure 4.40 (d): Particle size distribution for 
reversed (Day 3) emulsions  
with 19.2 wt% n-Dodecane and 4 wt% Brij 30 
containing 0 to 1.0 M hexahydrate MgCl2 
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Figure 4.41 (a): Particle size distribution for freshly 
prepared emulsions (day 1) with 19.2 wt% n-
Dodecane and 4 wt% C12E4 containing 1.0 M NaCl 
 
 
Figure 4.41 (b): Particle size distribution for aged 
emulsions (day 3) with 19.2 wt% n-Dodecane 
and 4 wt% C12E4 containing 1.0 M NaCl 
 
  
Figure 4.41 (c): Particle size distribution for freshly 
prepared emulsions (day 1) with 19.2 wt% n-
Dodecane and 4 wt% C12E4 containing 1.0 M KCl 
 
Figure 4.41 (d): Particle size distribution for aged 
emulsions (day 3) with 19.2 wt% n-Dodecane 
and 4 wt% C12E4 containing 1.0 M KCl 
 
   
Figure 4.41 (e): Particle size distribution for 
freshly prepared emulsions (day 1) with 19.2 wt% 
n-Dodecane and 4 wt% C12E4 containing  
1.0 M anhydrous MgCl2 
Figure 4.41 (f): Particle size distribution for aged 
emulsions (day 3) with 19.2 wt% n-Dodecane 
and 4 wt% C12E4 containing  
1.0 M anhydrous MgCl2 
 
   
Figure 4.41 (g): Particle size distribution for freshly 
prepared emulsions (day 1) with 19.2 wt% 
n-Dodecane and 4 wt% C12E4 containing 
1.0 M hexahydrate MgCl2 
Figure 4.41 (h): Particle size distribution for aged 
emulsions (day 3) with 19.2 wt% n-Dodecane 
and 4 wt% C12E4 containing 
1.0 M hexahydrate MgCl2 
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Figures 4.41 (a) to (h) show the droplet size distribution curves for n-Dodecane nano-
emulsion systems (both freshly prepared and aged systems on days 1 and 3) with 1.0 M salt 
concentrations. These results show that the droplet size distribution for aged 0.05 M NaCl 
and 1.0 KCl systems are mostly monomodal for on day 1 after double-reversal after 470 
days. These results also show that the size distribution curve would become narrower after 
the double reversibility test. However, further study is required to investigate the stability of 
aged systems using droplet size distribution curves. 
 
4.7.4 Refractive Index, pH and Surface Tension Analysis 
The mean values for RI for the n-Dodecane/brine nano-emulsion systems are found to be in 
the range of 1.36 - 1.37 at 20.0 ± 0.1 C as shown in Figure 4.42. It can be seen from Table 
3.2 in Chapter 3 that NaCl has lower RI value than hexahydrate and anhydrous MgCl2. 
Therefore, as expected, the nano-emulsion systems with NaCl have lower RI values than 
those with hexahydrate MgCl2 and anhydrous MgCl2. Figure 4.48 demonstrates that the RI 
value would increase with increasing salt concentrations for all systems. This means that, as 
salt concentration increases, the light travels slower through the sample. Nano-emulsion with 
1.0 M anhydrous MgCl2 shows the highest RI value among the systems studied. These results 
also clearly show that ageing would increase the RI values of the all the systems. The 
reversibility test leads to a small decrease in RI values for most of the systems studied. The 
trend in RI results followed those for the mean droplet radius. RI values are found to increase 
more for the reversed systems compared to fresh systems.  
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Figure 4.42: Refractive Index (RI) values of nano-emulsion systems containing 19.2 wt% n-Dodecane,  
4 wt% Brij 30 and the balance of brine during 5 days of storage at 20 ± 1 C 
 
 
Figure 4.43 (a) to (d) shows the pH values of the n-Dodecane nano-emulsion systems at 20.0 
± 0.1 C. It can be seen that pH values vary from 4.19 to 4.96 for NaCl systems, 4.33 to 4.87 
for KCl systems, 5.01 to 5.73 for anhydrous MgCl2 and 3.95 to 5.24 for hexahydrate MgCl2 
systems. The magnitude of increase in pH value with ageing is found to be greater for the 
reversed systems compared to fresh systems. The pH values are the lowest on day 1 for the 
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fresh samples with the highest salt concentration. The pH values are the highest on day 5 
after single reversal for the samples with the lowest salt concentration. Reversibility test does 
not show much effect on pH values in all systems. However, for n-Dodecane/NaCl and 
anhydrous MgCl2 systems, the pH value decreases after the reversibility test (day 3 after 
single reversal) compared to fresh samples on Day 3. Most systems have a small but 
continuous increase in pH with ageing until the end of the study period. 
 
4
.9
6
4
.6
9
4
.6
2
4
.9
4
4
.7
3
4
.6
2
4
.6
3 4
.9
1
4
.6
04
.8
9
4
.5
3
4
.6
3 4
.8
3
4
.6
3
4
.6
04
.8
2
4
.6
0
4
.5
2 4
.8
6
4
.6
1
4
.5
84
.8
0
4
.5
5
4
.5
1
4
.4
9
4
.5
7
4
.3
24
.5
1
4
.3
1
4
.4
2
4
.2
8 4
.6
5
4
.1
94
.3
9
4
.2
5
4
.2
9
0.00
1.00
2.00
3.00
4.00
5.00
6.00
Day 1
Fresh
Day 2
Fresh
Day 3
Fresh
Day 3
Reverse
Day 4
Reverse
Day 5
Reverse
p
H
0.025 M NaCl 0.050 M NaCl 0.075 M NaCl
0.100 M NaCl 0.300 M NaCl 1.000 M NaCl
4
.4
3 4
.6
0 4
.8
2
4
.8
7
4
.4
3
4
.4
6 4
.6
7
4
.8
5
4
.4
0
4
.3
9
4
.6
9
4
.8
1
4
.3
9
4
.3
7 4
.6
1
4
.7
9
4
.3
3
4
.3
5
4
.5
1
4
.5
0
0.00
1.00
2.00
3.00
4.00
5.00
6.00
Day 1 Fresh Day 3 Fresh Day 3 Reverse Day 5 Reverse
p
H
0.050 M KCl 0.100 M KCl 0.300 M KCl 0.500 M KCl 1.000 M KCl
 
5
.7
3
5
.3
8
5
.4
6
5
.3
5
5
.4
4
5
.3
1
5
.3
9
5
.3
4
5
.4
1
5
.2
8
5
.3
1
5
.2
4
5
.3
4
5
.2
1
5
.2
3
5
.1
2
5
.2
4
5
.0
7
5
.1
3
5
.0
1
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
Day 1 Fresh Day 3 Fresh Day 3 Reverse Day 5 Reverse
p
H
0.050 M anhydrous MgCl2 0.100 M anhydrous MgCl2 0.300 M anhydrous MgCl2
0.500 M anhydrous MgCl3 1.000 M anhydrous MgCl2
4
.6
5
4
.6
7
4
.8
9 5
.1
4
5
.1
9
5
.2
4
4
.6
1
4
.6
6
4
.8
8
5
.0
8
5
.1
6
5
.2
3
4
.4
7
4
.6
5 4
.8
8 5
.0
6
5
.1
4
5
.1
3
3
.9
5
4
.6
1 4
.8
7
4
.9
1
4
.9
5
4
.8
6
0.00
1.00
2.00
3.00
4.00
5.00
6.00
Day 1
Fresh
Day 2
Fresh
Day 3
Fresh
Day 3
Reverse
Day 4
Reverse
Day 5
Reverse
p
H
0.050 M hexahydrate MgCl2 0.100 M hexahydrate MgCl2
0.200 M hexahydrate MgCl2 1.000 M hexahydrate MgCl2
 
 
Figure 4.43: pH values of nano-emulsion systems with 19.2 wt% n-Dodecane, 4 wt% Brij 30 and the balance of 
brine (a) NaCl, (b) KCl, (c) anhydrous MgCl2, (d) hexahydrate MgCl2, during 5 days of storage at 20 ± 1 C 
 
Surface tension for n-Dodecane/NaCl systems (both fresh and reversed) increases slightly 
with increase in salt concentration from 0.1 to 0.2 M.  As discussed before, most probably an 
optimum NaCl concentration exists around this concentration range at which emulsions are 
the most stable. Further studies with different type of salts using a wider range of 
a 
d c 
b 
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concentration are required to confirm this conclusion. All the reversed systems show lower 
surface tension values than the fresh ones (Figure 4.44). 
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Figure 4.44: Surface Tension values of nano-emulsion systems with 19.2 wt% n-Dodecane, 4 wt% Brij 30 and 
the balance of ultrapure water containing 0.05 to 0.2 M NaCl, during 5 days of storage at 20 ± 1 C 
 
 
4.8 Formation and Stability of n-Decane/Brine Nano-emulsions 
4.8.1 Droplet size and PDI and Size Distribution  
Figures 4.45 to 4.48 show the average droplet size (radius) and PDI values for the n-Decane 
nano-emulsion systems containing various salts.  
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Figure 4.45 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Decane, 
4.0 wt% Brij 30 and 76.8 wt%brine with 0.025 to 1.0 M NaCl during 5 days of storage at 20 ± 1 C 
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Figure 4.45 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Decane, 4.0 wt% Brij 30 and  
76.8 wt% brine with 0.025 to 1.0 M NaCl during 5 days of storage at 20 ± 1 C 
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Figure 4.46 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Decane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.025 to 1.0 M KCl during 5 days of storage at 20 ± 1 C 
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Figure 4.46 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Decane, 4.0 wt% Brij 30 and  
76.8 wt% brine with 0.025 to 1.0 M KCl during 5 days of storage at 20 ± 1 C 
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Figure 4.47 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Decane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.05 to 1.0 M anhydrous MgCl2 during 5 days of storage at 20 ± 1 C 
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Figure 4.47 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Decane, 4.0 wt% Brij 30 and  
76.8 wt% brine with 0.05 to 1.0 M anhydrous MgCl2 during 5 days of storage at 20 ± 1 C 
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Figure 4.48 (a): The average droplet size (radius) of nano-emulsion systems containing 19.2 we% n-Decane, 
4.0 wt% Brij 30 and 76.8 wt% brine with 0.05 to 1.0 M hexahydrate MgCl2  
during 5 days of storage at 20 ± 1 C 
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Figure 4.48 (b): The PDI of nano-emulsion systems containing 19.2 we% n-Decane, 4.0 wt% Brij 30 and  
76.8 wt% brine with 0.05 to 1.0 M hexahydrate MgCl2 during 5 days of storage at 20 ± 1 C 
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For the fresh n-Decane/brine emulsions, the droplet mean size values (PDI values in 
brackets) are found to vary from 56 - 101 nm (0.083 - 0.202) for NaCl systems, 53 - 99 nm 
(0.077 - 0.168) for KCl systems, 73 - 107 nm (0.092 - 0.467) for anhydrous MgCl2 systems 
and 87 - 112 nm (0.083 - 0.202) for hexahydrate MgCl2 systems. These results indicate that 
KCl systems lead to relatively smaller droplets at lower salt concentrations (i.e. < 1.0 M) and 
MgCl2 systems lead to larger droplets overall. Similar results were found on days 2 and 3 for 
the fresh samples, and on days 3 - 5 for the single reversed systems. The droplet size in these 
nano-emulsion systems might have a direct relationship with the solubility of salt in water as 
was seen for n-Dodecane systems. It can be seen that smaller droplets are produced in 
systems with salts having lower solubility in water.  
 
For n-Decane/brine emulsion systems, the smallest droplet sizes on day 1 in fresh samples 
with 0.05 M salt concentrations are 55 nm (PDI = 0.077), 61 nm (PDI = 0.083), 85 nm (PDI 
= 0.144) and 87 nm (PDI = 0.083) for KCl, NaCl, anhydrous MgCl2 and hexahydrate MgCl2 
salts, respectively. For systems with 0.1 M salt concentrations, the smallest droplet size of 52 
nm (PDI = 0.127) is found in KCl system on day 3 after single reversal. This is the smallest 
nano-emulsion droplet size produced in this study followed by 56 nm (PDI = 0.107) for NaCl 
system, 92 nm (PDI = 0.107) for anhydrous MgCl2 on day 1 (fresh samples) and 83 nm (PDI 
= 0.041) for hexahydrate MgCl2 system on day 3 (after single reversal). For systems with 1.0 
M salt concentration also, KCl system has the smallest droplet size of 93 nm (PDI = 0.265), 
followed by NaCl system with the droplet size of 70 nm (PDI = 0.298), hexahydrate MgCl2 
system with the size of 94 nm (PDI = 0.102) and anhydrous MgCl2 system with the size of 
100 nm (PDI = 0.183), all on day 3 after single reversal.  
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From the above results, it can be observed that fresh samples and the samples on day 3 after 
the single reversal have the smallest droplets in most of the systems studied. However, the 
droplet growth rate between days 3 and 5 after the single reversal is greater than that for 
freshly made systems on days 1 and 3. This could be an advantage for the freshly made 
systems over the reversed ones.  
 
Drop size was also measured for n-Decane/anhydrous MgCl2 system 9 days after the single 
reversal out of curiosity to check the stability of this system further than 5 days. As expected, 
the droplet size and PDI values were found to be higher than those for the freshly-made 
samples. The effect of the double reversal was also studied on this system on day 9. Both 
droplet size and PDI values were found to decrease after the double reversal. Higher the salt 
concentration, higher the decrease in droplet size was. It is therefore possible to conclude that 
droplet size and PDI values after the double reversal will be similar to those after the single 
reversal. The nano-emulsion systems with PDI < 0.2 indicate that these systems are relatively 
stable with ageing, before and after the reversibility test.  
 
The droplet size distributions for the freshly-prepared (Day 1 and 3 - Fresh) and reversed 
emulsions (Day 3 and 5 - Reversed) are shown in Figures 4.49 to 4.52 for the salt systems 
used in this work. Drop size distribution results on Day 9 are also shown in Figure 4.51. It 
could be clearly observed that, in both single- and double-reversed systems, the drop size 
distributions are multimodal, hence not suitable for DLS measurement. There is no 
significant difference in the size distribution curves for these systems especially if the 
position of the main peaks of the distribution curves is considered. The small peaks could be 
due to the contaminations in the samples. 
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Figure 4.49: Particle size distribution for nano-emulsion systems with 19.2 wt% n-Decane, 4.0 wt% C12E4 and 
the balance of brine containing 0.05to 1.0 M NaCl within the 5 days study period  
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Figure 4.50: Particle size distribution for nano-emulsion systems with 19.2 wt% n-Decane, 4.0 wt% C12E4 and 
the balance of brine containing 0.05 to 1.0 M KCl within the 5 days study period  
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Figure 4.51: Particle size distribution for nano-emulsion systems with 19.2 wt% n-Decane, 4.0 wt% C12E4 and 
the balance of brine containing 0.05 to 1.0 M anhydrous MgCl2 within the 5 days study period  
 
The differences in the drop size distribution curves obtained for both fresh and reversed 
systems on days 1 and 3 are obvious for all systems. These results confirm that the droplet 
size distributions for freshly prepared nano-emulsion systems on day 1 and the single 
reversed systems on day 3 are both monomodal, even though the distribution curve for the 
latter is wider than that of the former. The droplet size distribution curves for all systems 
show that the distributions are monomodal on days 1 to 3 for freshly-prepared systems; 
however, the distribution curves for all systems become wider with ageing. The droplet size 
distribution curves for reversed systems on days 1 and 2 after the reversal are monomodal. 
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But they are multimodal on day 3 after the reversal thereby making them unsuitable for DLS 
measurements.  
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Figure 4.52: Particle size distribution for nano-emulsion systems with 19.2 wt% n-Decane, 4.0 wt% C12E4 and 
the balance of brine containing 0.05 to 1.0 M hexahydrate MgCl2 
 
 
When the droplet size distribution curve moves towards the lower side of the radius scale, it 
indicates that the droplet mean radius is getting smaller and vice versa. Thus, the freshly 
prepared nano-emulsion systems on day 1 demonstrate that they have a longer stability 
compared to other systems. Overall, these results indicate that ageing leads to an increase in 
the average droplet size, PDI value and growth rate for all nano-emulsion systems. 
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4.8.2 Refractive Index, pH and Surface Tension Analysis 
The mean RI values for the n-Decane/brine nano-emulsion systems are found to be in the 
range of 1.35 - 1.37 at 20.0 ± 0.1 C as shown in Figure 4.53. 
 
 
 
Figure 4.53: Refractive Index (RI) values of nano-emulsion systems containing 19.2 wt% n-Decane,  
4 wt% Brij 30 and the balance of brine during 9 days of storage at 20 ± 1 C 
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Figure 4.54: pH values of nano-emulsion systems with 19.2 wt% n-Decane, 4 wt% Brij 30 and the balance of 
brine (a) NaCl, (b) anhydrous MgCl2, (c) hexahydrate MgCl2, during 5 days of storage at 20 ± 1 C 
a 
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b 
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Figures 4.54 (a) to (c) show that the pH values for n-Decane nano-emulsion systems at 20.0 ± 
0.1 C vary from 4.27 to 5.97 for NaCl systems, 4.35 to 7.88 for anhydrous MgCl2 systems, 
and 4.11 to 5.69 for hexahydrate MgCl2 systems. In all these systems (both fresh and 
reversed), pH values decrease with increasing salt concentrations but increase with ageing. 
The pH variation with salt concentration is more obvious in n-Decane/anhydrous MgCl2 
compared to the other salt systems.   
 
4.9 Comparison of n-Dodecane and n-Decane Nano-emulsion systems 
The conductivity results proved that phase inversion would occur at higher temperatures for 
n-Dodecane systems compared to n-Decane systems and therefore the n-Dodecane systems 
have lower PIT points compared to n-Decane systems.  
 
Comparing the drop size and size distribution results obtained for n-Dodecane and n-Decane 
nano-emulsion systems with those for the ultrapure water system, it is found that the 
ultrapure water systems have the lowest drop size growth rate within the study period 
indicating that it is more stable with an average droplet radius of 66 - 73 nm and PDI of 0.046 
- 0.032 on days 1 - 3 (freshly-made samples). This observation does not agree with the 
findings of Binks et al. (2000). They have reported that an optimum salt concentration is 
required to produce stable emulsions. The findings obtained in the present study are different 
to those of Binks et al. and it could be because the surfactant (Brij 30) used in this work is 
dehydrated at higher salt concentration thereby changing it from mostly hydrophilic to mostly 
lipophilic. Therefore, it can be concluded that the stability of ultrapure water system is better 
than those of the salt systems. 
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Overall, the freshly made nano-emulsion system with anhydrous MgCl2 has the lowest 
droplet growth rate than all the other systems. Hexahydrate MgCl2 system has a lower droplet 
growth rate than NaCl and KCl systems, and NaCl system has a lower droplet growth rate 
than KCl system. These results agree well with visual observations of nano-emulsion stability 
over a long term (~15 months). Binks and co-workers (2001) also reported that the stability 
of emulsions is dependent upon droplet size. However, among the reversed nano-emulsion 
systems studied in this work, NaCl system has the lowest particle growth rate compared to 
KCl, hexahydrate MgCl2 and anhydrous MgCl2 systems. By looking at the physical 
properties of all the salts used in this work (Table 3.2), a relationship between the droplet 
growth rates and RI values of the salt solutions could be observed. It is clear that the droplet 
growth rate is lower in salt solutions with higher refractive index.  
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5.1 Conclusions 
O/W nano-emulsions were produced by mixing 19.2% (w/w) n-Dodecane (or n-Decane), 4% 
(w/w) Brij 30 and solutions with different types of salt as the aqueous phase using PIT 
method. The conductivity results suggested that the addition of salt has an effect on PIT value 
of the nano-emulsions but the level of variation in PIT depends on the type and concentration 
of the salt used. Generally, lower the salt concentration in the system, higher the phase 
inversion temperature. Anhydrous MgCl2 systems lead to higher initial conductivity values 
compared to other salts confirming this salt is the strongest electrolytes used in this study. 
The nano-emulsion system with 1.0 M NaCl has the lowest PIT value among the systems 
with n-Dodecane. However, the nano-emulsion system with 1.0 M KCl leads to the lowest 
PIT value among the systems with n-Decane. Overall, n-Dodecane nano-emulsion systems 
have higher PIT values than n-Decane systems.  
 
The stability of the nano-emulsions was studied using the droplet size, PDI and droplet size 
distribution data obtained from DLS. Cryo-SEM results was confirmed the DLS findings and 
also indicated that dilution does not affect the droplet size measurement significantly. The 
results showed that ageing and increasing salt concentration lead to an increase in the average 
size, PDI, and growth rate of droplets in all systems within a study period of 5 days. Overall, 
the smallest droplet size (radius = 52 nm) was produced in 0.1 M KCl/n-Decane system on 
day 3 after single reversal. This salt solution also led to the smallest droplet size in n-
Dodecane systems (r = 52 nm) again on day 3 after single reversal. These results confirm that 
reversibility test is efficient on both new and old systems but reversed systems show higher 
droplet size growth rate than fresh systems. Both n-Dodecane and n-Decane nano-emulsion 
systems with ultrapure water showed the highest stability with the lowest droplet size growth 
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rate within the 5 days study period. However, these results confirmed that addition of salt can 
help the stability of nano-emulsions in the long term depends on the type and concentration 
of the salt used. The drop size distribution for nano-emulsion systems exhibits mostly 
monomodal distribution on day 1 and after the reversal tests, on the other hand, drop size 
distribution after aging shows clearly that it has polydispersity. After double reversal of this 
system, the drop size distribution changes to bi-modal distribution with 2 peaks.  
 
Both the RI and pH values increase with the ageing of the nano-emulsion systems. The pH of 
nano-emulsion systems, however, decreases with increasing salt concentration.  However, the 
RI value of nano-emulsion systems increases with increasing salt concentration. The surface 
tension values are lower for the reversed system compared to the fresh ones. The surface 
tension value was found to decrease with increasing salt concentration.  
 
5.2 Recommendations 
The recommendations for future research are as follows: 
 In order to develop the knowledge on the effect of the electrolytes on the production of 
aqueous-continuous nano-emulsions by the PIT method, phase diagrams need to be 
developed. 
 To continue this study, more investigations are required regarding the chemistry of nano-
emulsions. It should include developing better knowledge on the mechanism involved in 
the formation of nano-emulsions. In other words, mechanisms for the following systems 
need to be developed. 
i.e.  for n-Dodecane or n-Decane/Brij 30/water systems:  
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Alkanes + (Poly(oxyethylene-4-lauryl ether) + Ultrapure water → Nano-emulsions 
CH3(CH2)10CH3 (or C12H26) + C12E4 + H2O → ? 
CH3(CH2)8CH3 (or C10H22) + C12E4 + H2O → ? 
 Experiments need to carried out to determine the critical micelle concentration for the 
nano-emulsions systems produced in this work, since the opaque white colour of these 
nano-emulsion systems could be due to dissolution of the surfactant in water leading to the 
formation of micelles. Also investigations are required to determine whether the opaque, 
white colour of these nano-emulsion systems is related to the ‘Ouzo effect’. 
 Investigations are required to determine if there is any limitation on conducting the 
reversibility test. Investigation is also required to determine if there is any difference in 
this limitation with different oil, salt or surfactant systems; Investigation is required to 
determine whether the growth rate will stay the same after each reversibility test or not. In 
other words, investigation is required to determine whether the stability of single or 
double or triple reversed and old reversed systems are the same as the fresh systems or 
not.  
 It is still not very clear at this stage how phase transition mechanism is influenced by the 
concentration of salt solutions. More work such as measuring the zeta potential of the 
nano-emulsion systems is required.  
 Further experiments are required to identify the optimum salt concentrations for NaCl, 
anhydrous and hexahydrate MgCl2 salt systems used in this study. In addition, the effect 
of aging on the surface tension of the nano-emulsions needs to be investigated. 
 After double reversal of the nano-emulsion systems, the drop size distribution changes to 
bi-modal distribution with 2 peaks. The reasons for these changes in the distribution are 
unclear. Therefore, further studies are required to determine whether the size distributions 
can be used for determining the stability of systems. 
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1.1 Salt Calculations 
  
  
  
To make 1 M of each chemical, place its pure weight (99.9%) into 1 Litre (1000ml) 
 
 
 
 
C1(M) V1(L) C2(M) V2(L) 
1.0 0.1 0.2 0.5 
1.0 0.05 0.1 0.5 
1.0 0.025 0.05 0.5 
 
 
The formula associated to calculate the required salt concentration. 
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Applying these calculations will give result to the Table 3.3 given in chapter 3 for 500ml 
solution. 
